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With the growing interest in renewable materials, the use of plant-based fibers as 
reinforcement in cementitious materials has been increasing. Plant-based fiber-cement 
composites are now found in products such as extruded non-pressure pipes and non-
structural building materials such as siding, cladding, and soffit panels. Because of their 
consistency in quality and compatibility with cementitious matrices, pulped wood fibers, 
rather than untreated fibers, are an attractive source for renewable fiber reinforcement. 
Further, with a capacity of 54 million tons per year, pulped wood fibers can be produced 
on a scale to meet the demand of the construction industry. 
 Until now, most research efforts have focused on longer-length softwood pulps 
rather than on shorter-length hardwood pulps. However, not all regions have access to 
softwood pulps, and the greater availability of hardwood fibers in some developing 
tropical regions has just prompted interest in evaluating their use in fiber-cement 
composites. However, to date, these initial studies have focused almost exclusively on 
mechanical properties, not on early-age properties. 
  This study evaluates the use of hardwood eucalyptus pulps as internal curing 
agents and early-age cracking mitigators of cementitious composites. Based on the 
results, the maximum efficiency of such pulps in cement-based matrices can be achieved 
by the careful characterization and dosing of eucalyptus pulps and testing of pulp-cement 
composites. Results suggest that their internal curing efficiency depends more on their 
physical morphology than their chemical compositions. The results from in situ 
NMR/MRI experiments further confirm the finding that wood pulp, within the same 
xxiv 
 
species, that has a thick cell wall is more beneficial for internal curing applications. The 
results show that such pulps release their free water in their lumen structure within 25 
hours of hydration. Thus, for the hydration reaction beyond 25 hours, free water in small 
cell wall pores and bound water in the cell wall are responsible for mitigation of self-
desiccation of a cement matrix. 
 Further studies on early-age interaction of eucalyptus pulps with cements also 
found that such pulps can selectively absorb and desorb ions from the pore solution of 
cement and precipitate calcium products on their surface, which ultimately can enhance 
hydration reaction. A more thorough understanding of the interactions between hardwood 
pulps and cements at early ages allows for optimization of the use and selection of 
hardwood fibers and tailoring of post-processing methods of fiber so that they can 
enhance the early age behavior of this growing class of composite materials.  
 When uniformly dispersed in cementitious composites, pulps have been shown to 
successfully mitigate self-desiccation in a cementitious matrix and increase resistance to 
early age shrinkage and cracking. The eucalyptus pulp-reinforced mortars exhibited a 
lower rate of stress development and lengthened time-to-cracking of about 1.6 and 2.3 
times as long as the control mortar, respectively. The initial crack width also decreased 
by up to 88% in eucalyptus pulp-reinforced samples, which suggests the possibility of 
assisting self-healing in an appropriate mix design. Here, a series of experiments clarifies 
the role of hardwood eucalyptus pulps on the mitigation of early-age cracking by the 
combination of an increase in early tensile capacity, reduction in elastic modulus, and 




 Finally, to more broadly understand the potential implications of hardwood 
eucalyptus pulp fiber reinforcement on the performance of concrete, the effects of such 
pulp on compressive strength and permeability of concrete were also examined. Because 
of their internal curing capability, hardwood pulp was found to increase the compressive 
strength of air-cured concrete mixes, but the addition of hardwood pulp also seems to 
increase permeability of concrete. However, by using the Life 365 service life prediction 
model, the service life of the hardwood pulp-concrete seems to be least affected by curing 
condition indicating their robustness against field curing. Therefore, standard curing can 
underestimate the performance of eucalyptus pulp-cement composites and a curing 
procedure that resembles the actual field curing is necessary to reflect the actual 
performance of such fiber-cement composites.  
Overall, the findings indicate that eucalyptus pulps can ultimately enhance the 
early-age properties of cementitious composites by providing internal curing against self-
desiccation and reinforcements by crack bridging. Results from air cured samples also 
confirm the enhancement of pore space through the increase of degree of hydration and 










Eucalyptus, a hardwood native to Australia, is now cultivated all over the world, 
including South America, North America, and Asia. With average annual growth rates up 
to 30m3/ha/year at crop rotations of 7-15 years [1], the increase in plantations dedicated 
to this genus can be attributed to its “a) rapid growth on poor sites with low rainfall, b) 
ability to coppice readily, c) ability to tolerate periodic water logging and some soil 
salinity, and d) the usefulness of the wood for a range of purposes” [2]. Moreover, as it 
provides a balance in water consumption and promotes biodiversity, eucalyptus is an 
inexpensive, some have claimed that eucalyptus is an ideal hardwood species for 
sustainability. In addition, because it has a high capacity to capture carbon as a result of 
its higher growth rate and denser structure, eucalyptus, compared to other species, is 
more efficient at capturing carbon dioxide, fixing carbon, and generating oxygen per unit 
of volume [3].  For example, while a Scots pine tree can capture only about 0.0291 tons 
of carbon dioxide per year, a eucalyptus tree can capture up to 0.1359 tons [3].  
Eucalyptus is increasingly used in a variety of applications, including 
papermaking. Its long history in the paper industry derives from the relatively good 
qualities of the fiber at a relatively low market price [4]. Juvenile eucalyptus trees reach 
maximum pulping strength properties at just six years of age. Because they have lower 
extractives content and thus require fewer cooking chemicals, younger eucalyptus trees 
are preferred for the kraft chemical pulping process. In contrast to the more established 
1 
 
use of eucalyptus in the paper industry, the use of eucalyptus pulp fibers in construction 
materials such as cement composites, mortar, and concrete has attracted considerable 
interest, but only in recent years with increasing demand for alternative, fast-growing, 
economical natural fiber that can enhance sustainability in construction materials. 
However, when compared to other types of plant-based fiber used in cementitious 
materials such as bamboo, sisal, and pine, the scientific literature related to the use of 
eucalyptus fiber is relatively limited. 
Because the traditional objective of fiber reinforcement in cementitious materials 
is to improve the tensile capacity of composites, studies examining plant-derived 
reinforcements have focused on relatively long-length plant-based fibers such as jute, 
coconut, bagasse, sisal, and pine, not eucalyptus fibers. Compared to other fibers used in 
cementitious materials, the fiber length of eucalyptus is shorter, as presented in Table 1.1. 
That is, while most common fibers such as steel, alkali-resistant (AR) glass, and polymer 
fibers, used to reinforce cement-based materials, range from 6 to 76 mm in length, 
eucalyptus fibers measure only 0.6 to 1.2 mm in length [5, 6].  However, recent studies 
have shown that although the length of eucalyptus pulp is relatively short, the higher 
number of fibers per volume or weight found with a short-length fiber can provide 
effective crack-bridging, which contributes to an improvement in the mechanical 
performance of cement composites after aging [5]. Thus, while eucalyptus fiber may not 
improve the mechanical properties of concrete as much as longer natural fibers, it can be 
used as effective reinforcement in a wider range of finer-structured cementitious 
composites such as stucco, plaster, or mortar. 
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 Moreover, although many studies have demonstrated that natural-plant-based 
fibers improve the performance of cementitious materials in many aspects, including 
toughness and crack resistance, not all fibers can be used on a large commercial scale 
because of the availability and variety of the fibers. Since the large-scale production of 
mortar and concrete requires a significant quantity of raw materials, the availability of 
fiber is a general prerequisite for the successful use of such fibers in mortar and concrete. 
Fiber from different sources or locations can contain various chemical components that 
eventually complicate the control of the hydration reaction. Therefore, the 
homogenization of the chemical constituents of fiber is another crucial requirement in the 
industrial-scale production of fiber-cement composites.  
 Use of wood-derived fibers obtained from large-scale commercial pulping mills 
could solve the problems of both the availability and variability in the chemical 
composition of natural fibers, rendering the use of pulps more practical for wider use in 
mortar and concrete than perhaps other bio-derived fibers. Since the capacity and quality 
of products in pulp mills are monitored to maintain consistency, variability in fibers 
derived from commercial pulping processes can be understood and controlled. Because of 
these advantages, many studies have examined the use of softwood pulps as 
reinforcements in cement paste, mortar, and concrete. However, this is not the case with 
hardwood pulps because they are shorter (i.e., lengths of 1 to 1.7 mm) than softwood 
pulps (e.g., pine pulp lengths are typically 2.5-4 mm [7]), which may limit their potential 
to improve the tensile strength and deformation capacity of the composites [8]. Therefore, 




Another potential application of eucalyptus fibers is the mitigation of early-age 
shrinkage cracking in concrete. Several studies have demonstrated that wood-derived 
materials including pulp fiber can mitigate the autogenous shrinkage of concrete by 
providing internal curing water [9-11]. In concrete, “the first 48 hours are very important 
for [its] performance” [12]. During this period, the loss of water, both from the hydration 
reaction and drying causes concrete to shrink and can lead to cracking. Early cracks 
resulting from autogenous deformation caused by self-desiccation can increase 
permeability and gradually decrease durability. To overcome this problem, particularly 
for dense and low water-to-cement ratio cement-based materials in which external curing 
is not effective [13], the concept of internal curing water has drawn considerable interest. 
By incorporating highly absorptive materials such as lightweight aggregate (LWA) and 
super-absorbent polymers (SAP), internal curing water is distributed on demand 
throughout the paste as supply water for the hydrating cement paste. Thus, this additional 
supply of water partially or completely compensates for the loss of water and reduces 
early shrinkage [14]. Eucalyptus fibers, like other wood-derived fibers, can absorb 






















Steel 6.4-76 [15] 5-500 7.84 200 0.5-2.0 Premix 






25-40 [16] 9-15 2.6 70-80 2-4 
Premix, hand spray, 
and centrifugal 
casting 
Cladding panels, box 
elements, roof tiles, 
pavement,  and pipes 
Polypropylene 
(PP) 6-60 
[17] 25-1000 0.92-0.96 3.5-10 0.08-0.6 Premix, shotcrete, Hatschek 
Cladding panels, 
sheets, roof tiles, piles 
Polyvinyl alcohol 
(PVA) 6-12 14-650 1.3 23-36 0.8-1.5 Hatschek 
Cladding panels, 
sheets, roof tiles 
Jute 1800-3000 10-20 N/A* N/A 0.25-0.35 Premix, laying Sheets, roof tiles 
Sisal [18] N/A N/A 1.37  15.2  0.34-0.37 Premix, laying Sheets, roof tiles 
Pine pulp 0.5-4.5 [19] 5-25 [19] ~1.5 N/A ~0.9 Hatschek Sheets, roof tiles 
Asbestos 
(Chrysolite) N/A 0.02-0.4 2.6 164 3.1 Hatschek Pipes, sheets, roof tiles 
Eucalyptus 0.6-1.2 [6] 12-30 [6] ~1.5 35 [20] N/A N/A N/A 
Cement matrix 
(for comparison) N/A N/A 1.5-2.5 N/A 0.003-0.007 N/A N/A 
*N/A = not available 
5 
 
Because of their physical and chemical structures, plant-based fibers are capable 
of absorbing water in the form of both free and weakly bound water and then releasing 
water into the cement matrix during hydration. Prior research has demonstrated the 
abilities of different types of pulp fiber (e.g., softwood thermomechanical pulp, softwood 
kraft pulp, and specialty cellulose fibers) to mitigate autogenous shrinkage in cement 
paste and mortar [10]. However, the features of these fibers – both chemical and physical 
– affecting their efficacy as internal curing agents remain relatively unexplored. It is also 
unclear if the results obtained from prior studies of softwood fiber would also be 
applicable to hardwood species such as eucalyptus. With a more thorough understanding 
of the relationship between fiber properties and internal curing efficacy, the selection, the 
dosing, and even the design of pulp fiber for internal curing would be more precise. 
Depending on the chemical constituents and morphology of fibers, plant-based 
fibers can interact with cement, affecting its early hydration behavior. These potential 
interactions must be understood so that early age behavior can be anticipated and/or 
controlled. Since hemicellulose and lignin can retard cement hydration, using fiber with a 
high content of these two constituents can significantly delay the initial and final setting 
times of cementitious composites [21-24]. Moreover, the surfaces of the fibers might 
serve as nucleation sites, and/or the hygroscopicity of the fibers could locally absorb 
and/or desorb highly alkaline pore water, affecting the concentration of free ions 
available for cement hydration [25].  Therefore, greater clarification of the interactions of 
pulp fibers in a cement matrix at an early age will facilitate the optimization of fiber 
processing methods for enhancing the behaviors of their composite materials. 
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Because of the substantial benefits of eucalyptus fiber, its use in cementitious 
materials is expected to increase. Although a number of studies have focused more on the 
mechanical and long-term performance of eucalyptus fiber-reinforced composites, 
research pertaining to the nano-to-microscale chemical and physical interactions between 
fibers and cement is limited.  In addition, and perhaps, in part, as a result of the lack of 
fundamental study of fiber-cement interactions, the effects of eucalyptus fibers on the 
early-age properties and restrained-shrinkage cracking behaviors of cementitious 
composites remain relatively unclear.  
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1.2 Research Motivation 
Because they are abundant, economical, and renewable, eucalyptus pulps have 
attracted interest in the recent decade. As a promising substitute or partial replacement for 
long-length fiber, eucalyptus fibers used in cementitious materials should become more 
common in the near future. Prior research has examined the potential of eucalyptus pulps 
as alternative reinforcement in cement-based composites but, to date, the majority of 
research efforts have focused more on the mechanical and long-term performance of 
cement-based composites. The effects of eucalyptus pulps on the early age properties, 
transport properties, and restrained shrinkage cracking behaviors of cementitious 
composites remain relatively unclear.    
In addition to being used as reinforcement, eucalyptus pulps may be used as 
internal curing agents to mitigate early-age cracking caused by self-desiccation in high 
performance concrete. However, since their use as internal curing agents has not been 
explored, it is not clear if eucalyptus pulps can be used as effective internal curing agents.  
Moreover, since cement pore solution is highly ionic, improved understanding of such 
interactions between pulp fibers and the highly ionic concrete pore solution is important 
for developing pulp fibers for applications in cement-based materials. This will ultimately 
allow the optimization of fiber processing methods that enhance behaviors of this 









The objective of this research is to enhance the understanding of the potential for 
eucalyptus fibers to mitigate early-age shrinkage and restrained cracking common in 
cementitious materials. Thus, the proposed study aims to examine both early-age 
properties, such as the internal curing capacity of fibers and the interactions of fibers with 
a cement matrix, and the potential for crack deflection and bridging during early-age 
shrinkage.  A key component of this research is the extension of the use of eucalyptus 
pulps for internal curing and the reinforcement of cementitious materials. The study 
employs test methods whose purpose is to clarify the complex roles of fiber properties on 
the cement matrix, which have not been previously addressed in the literature.  
Specifically, the purposes of this research are as follows: 
1. To examine, through a combination of experiments, the underlying effects of the 
chemical composition and physical structure of the fiber on internal curing 
performance by evaluating five treatments of commercially available pulp fiber:  
unbleached soda pulp, bleached soda pulp, unbleached kraft pulp, bleached kraft 
pulp, and semi-chemical pulp. 
2. To evaluate the mechanisms underlying the release and the movement of water as 
well as the migration of pore solution ions during the internal curing process. 
3. To assess the role of eucalyptus pulps in early-age cracking mitigation. 
4. To evaluate the potential of eucalyptus fibers for the mechanical reinforcement of 




1.4 Organization of Dissertation 
The following chapters discuss the background, results, and conclusions of this 
research program. The structure of this dissertation is outlined below. 
• Chapter 2 presents a thorough overview of the literature concerning the properties 
of wood pulps and their potential effects on cementitious materials.  The review 
focuses on the background of the pulping process, the concept of internal curing, 
the transport of water through wood pulp, the interactions of natural fibers and 
cement-based matrix at early ages, and the shrinkage and its effects on cracking 
behaviors of fiber- and natural fiber-reinforced composites.  
• Chapter 3 presents a summary of experimental details that outlines the various 
aspects of this study, from fiber characterization to mechanical testing. 
• Chapter 4 presents the morphology and chemical properties of eucalyptus pulps 
used in this study and their effects on internal curing performance.  Based on the 
internal curing performance, the candidate pulps are selected for further studies.   
• Chapter 5 presents a more thorough evaluation of the early-age interactions 
between eucalyptus pulps and cement and the migration of internal curing water 
during internal curing.  
• Chapter 6 presents the potential of eucalyptus pulps to mitigate early-age cracking 
in crack-prone mortar under a restrained condition. The ability of eucalyptus 
pulps combined with their capacity to provide internal curing is evaluated through 




• Chapter 7 presents the effects of eucalyptus pulps on internal curing in concrete, 
on the compressive strength of concrete, and on the durability of internally-cured 
eucalyptus fiber-reinforced concrete. Results from bulk chloride diffusion are 
used for service life calculation, which indicates the effect of eucalyptus pulps on 
durability of concrete.  
• Chapter 8 provides a summary of the research performed in this dissertation and 










Like other types of wood, eucalyptus contains four main chemical components − 
cellulose, hemicellulose, lignin, and extractives − that contribute to fiber properties. Pulp 
or wood-derived fiber, the fundamental product of wood predominately used in 
papermaking, is obtained from a pulping process, in which process conditions, both 
pulping and bleaching, have profound effects on the chemical composition and 
morphology of the pulp. Therefore, the first topic in this section deals mainly with 
pulping processes. Then, the current literature concerning early age behaviors in 
cementitious composites – internal curing and fiber-cement interactions and the transport 
of water and pore solution in pulps – as well as shrinkage behaviors and some mechanical 
properties will be reviewed and discussed.  
2.1 Pulping Process 
 According to ACI544.1R [15], plant-based fibers are available in two forms, i.e., 
unprocessed and processed fibers.  Unprocessed plant-based fibers such as coconut, sisal, 
bamboo, and other vegetable fibers can be found predominantly in low cost cementitious 
composites, in which long-term performance is not the case, while processed fibers, 
usually refer to wood pulp fibers, are more common in large scale commercial 
production. Compared to unprocessed fibers, wood pulps from either chemical or 
mechanical pulping processes are relatively shorter, but usually stronger and perform 
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better during long aging in a cement environment, mostly because of the removal of 
lignin and extractives during the pulping process [8].  
During pulping, wood fibers are extracted and separated from wood chips by 
rupturing the bond between these fibers by using chemical, mechanical, and thermal 
treatments. Table 2.1 shows general information about various common pulping 
processes. Chemical pulping processes such as the soda, sulfite, and kraft processes aim 
at removing lignin and other materials binding individual cells. These processes do not 
require any mechanical treatment. Therefore, the physical structure of the fibers is less 
likely to be altered than in mechanical pulping processes. In the soda pulping process, 
wood chips are cooked under pressure in a caustic soda solution that dissolves most of 
the lignin in the wood with some effects on the cellulose and hemicellulose. The soda 
pulp, a product of the soda pulping process, is relatively soft and bulky, so it is generally 
used in books, magazines, and envelopes. Because of its superior delignification 
selectivity resulting in a high quality pulp, the kraft process accounts for over 80 percent 
of the chemical pulp produced in the U.S. [26] and has almost replaced the soda process. 
Kraft pulping involves the digestion of wood chips at a specific temperature and pressure 
in a mixture solution of caustic soda (sodium hydroxide) and sodium sulfide, or “white 
liquor”. Kraft pulping produces a pulp with strong fibers used in applications such as 
brown paper bags, in which strength and wear and tear resistance are essential. Although 
the kraft pulping process produces high quality pulps, it has been emits sulfurous 
emissions and generates low pulp yield. 
In contrast to these treatments which use chemistry to separate individual fiber, 
mechanical pulping processes such as thermomechanical and refiner mechanical 
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processes require mechanical energy to tear fiber out of the wood chips. The most well-
known mechanical pulp process is high-temperature refining, or thermomechanical 
process. Because chemical reagents are not involved in mechanical pulping processes, 
thermomechanical pulp (TMP) fibers contain more lignin and hemicellulose than 
chemically treated fibers, which result in the lower alkaline resistance. In addition, 
because the use of the mechanical process for defibrating individual fiber, mechanical 
pulps are weaker than fibers obtained from other methods.  
Semi-chemical pulping combines both chemical and mechanical treatments 
Therefore, semi-chemical pulping involves two steps: 1) digesting the wood chips with 
chemicals and 2) refining fibers mechanically, most often by using disc refiners.  The 
process exhibits the intermediate range of pulp yields from 55 to 85 percent, which 
ranges between mechanical and chemical pulping. The degree of delignification can be 
designed for certain pulp yields, which is the weight of pulp obtained from a given 
weight of wood on an oven-dry basis, and specific properties. 
 
Table 2.1 – Classification of pulping processes [27] 
Mechanical Pulping Semi-chemical Pulping Chemical Pulping 
Treatment using mechanical 
energy (heat treatment may be 
involved) 
A combination of 
chemical and mechanical 
treatments 
A combination of 
chemical and heat 
treatments 
Yield - high (90-95%) Yield – medium (55-90%) Yield - low (40-55%) 
Short, weak, unstable, impure 
fibers; difficult to bleach 
Fiber properties depend on 
process 
Long, strong, stable,  pure 
fibers; easy to bleach 
Processes: 




- Neutral sulfite 
- semi-chemical 








Bleaching is a process aimed at increasing whiteness and cleanliness of pulps with 
two approaches, removing residual lignin or destroying some of the chromophoric groups 
in pulps. For chemical pulps, bleaching continues the delignification process to remove 
any residual lignin that has not been extracted in prior chemical processing while 
preserving carbohydrates yield. Bleaching chemicals such as chlorine, sodium 
hypochlorite, and ozone break down the lignin molecule and disrupt lignin-carbohydrate 
bonds into small water-or alkali-soluble parts. However, in contrast to chemical pulps, 
the aim of bleaching of mechanical pulps is to remove color from pulps with little yield 
loss by reducing or oxidizing chromophores (colored species) to leucochromophores 
(uncolored species). Therefore, bleaching chemicals such as sodium hydrosulfite and 
peroxides do not solubilize any appreciable amount of lignin, but rather chemically 
change colored molecular structures to a colorless structure. Essentially, bleaching does 
not affect the length of the fibers. However, it does change some fiber properties.  It 
reduces the linear density and the strength of the fibers and increases the refinability.  
2.2 Internal Curing Capability and Autogenous Shrinkage 
In 1957, the concept of internal curing was introduced. The concept is based on 
the assumption that well-distributed, moisture-rich materials, such as lightweight 
aggregates, will transfer their absorbed water to the paste during hydration, as the paste 
self-desiccates [28]. This concept became popular when Robert Philleo used the term 





 “Either the basic nature of Portland cement must be changed so that self-
desiccation is reduced, or a way must be found to get curing water into the 
interior of high strength structural members. A partial replacement of fine 
aggregate with saturated lightweight fines might offer a promising 
solution.” [29]   
In recent studies, since the early-age cracking of concrete remains a significant 
problem in structures, especially in high-performance concrete in which the relatively 
low water-to-cement ratio (w/c) compared to normal concrete is used, internal curing 
technology is considered to be one of the technological challenges of field applications in 
the future [14].  
Internal curing technology compensates for insufficient utilization or applicability 
of conventional external curing methods, such as water-saturated covering. Since the 
penetration of water is limited to the concrete near-surface in dense, low water-to-
cementitious materials (w/cm < 0.42) concrete, conventional curing methods may 
eliminate autogenous shrinkage in small cross-sections but not in those thicker than about 
50 mm because the penetration of water is limited. To overcome this limitation, two 
strategies have been developed to make use of internal reservoirs of water. One strategy 
that has been investigated more extensively is based on the use of mineral-based 
lightweight aggregate (LWA) while the other is based on the use of water-absorbing 
polymers. These highly absorptive LWA or “super absorbent” polymeric materials (SAP) 
provide a set of water-filled reservoirs within the concrete that supply water on demand 
to the hydrating cement paste from the time when the concrete is mixed until the time 
when moisture equilibrium is achieved. Recent studies have demonstrated the use of fine 
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LWA and fine natural pozzolans for internal curing, which are being increasingly used in 
concrete [30-32]. The extra supply of water compensates for the loss of water by self-
desiccation and reduces autogenous shrinkage [14].   
The ability of the absorptive material for internal curing can be evaluated by 
performing an autogenous shrinkage experiment. Numerous studies have provided 
measurements of autogenous deformation in various types of paste, mortar, and concrete 
with LWA and SAP [33-41]. The mechanisms of both common absorptive materials are 
well established, that is, The mechanisms controlling the internal curing capacity of SAP 
are combinations of the swelling ratio, ion filtration, and the inter-particle spacing of the 
SAP [40, 42-44], while those of LWA are combinations of capillary suction, vapor 




Figure 2.1 – The mechanism of water transport from LWA to surrounding paste 




I. Soluble metal cations in cement pore solution deprotonates carboxylic groups  
(-COOH, -COONa) which create negative charges along polymer chains 
 
II. Schematic of the swelling behavior of SAP: (a) SAP in a collapsed state ; (b) SAP in 
Ca2+ solution; (c) SAP in Na+ solution, adapted from  [44]. 
 
III.  Schematic of inter-particle spacing and protected paste area, adapted from [42]. 
Figure 2.2 – Three main mechanisms that control the internal curing behavior of SAP. 
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In recent years, based on the key characteristic of internal curing agents that 
requires the capability of retaining water as a reservoir and the hygroscopic properties of 
wood, as well as the potential for wood-derived fibers to act as reinforcement, wood-
derived materials are attracting more interest as internal curing agents. Because of their 
hygroscopic property, cellulose fibers absorb water from a fresh concrete mixture and 
then desorb that water back into the hydrating cement paste, ideally at a time and rate 
suitable for mitigating early shrinkage. Since the structure of wood pulps contains both 
small pores of about 0.08 µm in the cell wall and a large lumen pore of about 8 µm [45], 
wood pulps have an ability to attract free water. Illustrated in Figure 2.3, the structural 
properties of cellulose fibers such as their pores and lumen can hold free water while the 
composition of their chemicals such as cellulose and hemicelluloses can create a bond 
with water, called “weakly bound water.”  By using NMR relaxometry to observe the 
distribution of water in wood, Cheumani et al. [46] also reported that 4 types of water – 
bound water, free water present in the cell-wall pores, in the lumen, and in the vessels – 




Figure 2.3 – Schematic of free and bound water in a fiber. 
 
By using wood fibers as internal curing agents, the fibers must release both free 
and weakly bound water absorbed in the fibers into the cement matrix to mitigate the 
self-desiccation problem of low water-to-cementitious ratio (w/cm) matrix. To reduce 
autogenous shrinkage and investigate its effects on compressive strength, Mohr et al. [9] 
evaluated the role of pulp fibers and wood powder as internal curing agents in cement 
pastes. They found that thermomechanical softwood pulp (TMP) fiber and wood powder 
were more effective at reducing autogenous shrinkage than superabsorbent polymers, but 
at high mass fractions, TMP tended to adversely affect the compressive strength of 
cement pastes because of an increase in air voids resulting from fiber clumping.   
Recently, Kawashima and Shah [11] reported on the ability of a commercially 
available specialty softwood-derived cellulose fiber (UltraFiber 500) to mitigate 
autogenous shrinkage, but in order to efficiently mitigate autogenous shrinkage the 
cementitious matrix must have sufficiently high fiber volume with adequate dispersion. 
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Because fibers are dispersed better in mortar than cement paste, the addition of a 1 
percent cellulose fiber to mortar resulted in a 13 percent reduction in autogenous 
deformation after 7 days; by contrast, the addition of one percent cellulose fiber to 
cement paste did not show any measurable reduction in autogenous deformation. 
Unlike LWA and SAP, the information pertaining to the mechanisms controlling 
internal curing capacity of wood fiber is rather limited. Although several studies have 
attempted to clarify the internal curing behaviors of wood pulps, the fact that physical 
and chemical properties of wood fibers are complex, no concrete conclusion has been 
made. To evaluate the mechanisms of wood fibers function as internal curing agents, 
Mezencevova et al. [10] examined the effects of softwood fiber compositions and 
structures – as varied through chemical treatment of TMP – on internal curing properties.  
They compared the early hydration behaviors and autogenous shrinkage test results of the 
cement paste of chemically-treated fibers – holocellulose TMP and α-cellulose TMP – to 
those of ordinary TMP-cement pastes. The primary chemical compositions of 
holocellulose TMP are cellulose and hemicellulose while that of α-cellulose TMP is only 
cellulose. Since each chemical composition can bind water differently, they expected that 
their results would clarify the effects of chemical compositions on the internal curing 
performance of wood fiber. However, based solely on their results, they could not make a 
sound conclusion because of the difficulty in separating chemical and morphological 
effects. Since transport processes of water from fibers to cement are complex, to better 
understand these complex relationships information about the morphology and 
compositions of fibers must be obtained and related to observed early age behaviors. For 
example, because of its open structure that contains many hydroxyl and acetyl groups 
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hemicellulose is the most hydrophilic constituent in wood fibers. Therefore, high water 
absorption and adsorption is expected in fibers having high hemicellulose content. 
However, the removal of hemicellulose results in greater fiber cell wall porosity, 
increasing the amount of both mesopores and macropores, Thus, an increase in the 
absorption of water into fiber can also be expected as the hemicellulose content decreases 
[47]. Moreover, the thickness of cell wall may have an effect on the rate of moisture 
ingress from the lumen through the cell wall. It is also not clear if the conclusions from 
the results of experiments on softwood fibers can be generalized to hardwood species 
such as eucalyptus. 
In addition, because the qualities of pulp fibers depend on how they are 
processed, the influence of pulping on the internal curing capacity of fiber could be 
important because even in the same type of wood, the morphology and composition of its 
pulp can be altered by processing, which could have significant effects on the ability of 
the fibers to limit autogenous shrinkage. By identifying the relationships between the 
parameters of fiber and changes in autogenous shrinkage, one should be able to explain 
the mechanism by which cellulosic materials function as internal curing agents and thus 
the selection, the dosing, and even the design of pulp fiber for internal curing would be 








2.3 The Transport of Water and Pore Solution in Wood Pulp 
Since wood pulps are hygroscopic materials, they absorb or desorb water to 
equilibrate themselves with the surrounding humidity. Depending on their ultrastructure 
and chemical compositions, water can be accommodated in pulps by various processes 
including capillaries sorption and diffusion. Wood pulps contain two classes of pores. 
Relatively large pores, or fiber’s lumen, range from 0.1 to 100 µm in size, exist inside the 
fibers and relatively small pores of size less than 0.1 µm present in the cell walls of the 
pulp, both of which are responsible for both capillary flow and diffusion [48]. Moreover, 
in an electrolytic solution like cement pore solution, even simple ions in water can either 
swell or shrink the cell wall of pulp, changing the effective size of pore space [49-51], 
and thus affect the diffusion in the cell wall. Pulps can also act as semi-permeable 
membrane [52]. Therefore, during the hydration reaction of cement, changes in the 
concentration of the counter-ions in cement pore solution can create osmotic pressure 
affecting the absorption and adsorption of water through osmosis. These interrelated 
mechanisms – capillary, diffusion, and osmosis – influence transition of water from wood 
pulps to cement and affects their internal curing performance.   
Although, in a system of pulp-water suspension, the sorption of water in wood 
pulps is complicated, it is more straightforward than in a system of pulp-cement pore 
solution system. Pulps hold water in their structure as bound water and capillary water. 
While bound water is adsorbed by chemical constituents, capillary water is absorbed by 
the pore network. Water enters the pore network by capillary flow and water vapor 
transports through the fibers by diffusion. These processes – absorption and adsorption – 
take place simultaneously in pulp-water suspension.  
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Unlike water, the pore solution of cement-based materials is highly concentrated 
alkaline electrolyte. When cement mixes with water, it releases ions (e.g. calcium, 
sodium, potassium, and  sulfate) and almost immediately turns into a complex alkali- and 
sulfate- bearing solution [53]. Thus, fibers disperse in concentrated alkaline solution. 
Although in general, the low levels of alkali ions can swell pulps, the high levels of ions 
can decrease swelling because of the suppression of electrostatic and osmotic forces. [50, 
51]. The pore size of cell wall decreases when pulp is at the swollen state, which then 
reduces the water-holding capacity. The high levels of ion concentration, otherwise, tend 
to widen pores and increase the water-holding capacity. In fact, the water-holding 
capacity of cellulose pulps increases when the pH of the solution increases [54].  
Moreover, the metal ions can also associate themselves with bound carboxylate 
groups. Although both water and alkali have high affinity for cellulose, alkali with the aid 
of water solvent, unlike pure water, can penetrate the crystalline structure of cellulose, 
which increases the absorption capacity [55]. The sorption is also accompanied by an 
appreciable selective adsorption. Davidson and Nevill [56] have reported the order 
affinity of various cations for the carboxyl groups of oxycellulose as fellow: 
Ba > Ca > Ag > Tl > K > Na > Li > N (CH4)4. 
As hydration reaction of cement proceeds, concentration of pore solution change 
continuously [57].   Therefore, the selective adsorption may ultimately affect the 
absorption capacity of such pulps in a cement pore solution as the changes in the 
concentration creates an osmotic flow. Thus, in a cement pore solution, the transport of 
water and pore solution ions are controlled by selective adsorption, capillary absorption, 
diffusion, and osmosis. 
25 
 
2.4 Interactions of Natural Fibers and a Cement-Based Matrix at Early Ages 
Depending on the chemical constituents of fibers, the addition of wood fibers to 
cement-based materials could affect the early hydration behavior of cement. The potential 
for retardation has been examined. Since fiber components, hemicellulose and lignin, can 
retard cement hydration reaction, using fiber with high hemicellulose and lignin content 
significantly delays the initial and final setting times of composites.  Govin et al. [23, 24] 
found that polysaccharides from wood could be hydrolyzed by alkali media and 
converted into numerous carboxylic acids, known to be powerful set-retarding agents. In 
their study, the calorimetric curves revealed that hydration of the silicate phases was 
significantly inhibited and therefore delayed by wood fiber inclusion. The results from 
infrared spectroscopy also showed a strong delay in the precipitation of calcium silicate 
hydrates (C-S-H) in the wood fiber-cement mixture. The Fourier transform infrared 
spectroscopy (FTIR) spectra of fiber-cement pastes hydrated for 24 hours showed only a 
slight change in the relative intensity of Si-O bending vibration at 525 cm-1, which 
indicated very little polymerization of the silicates. Soroushian and Marikunte [58] 
evaluated the initial and final setting times of cement pastes containing softwood kraft 
pulps, hardwood kraft pulps, and mechanical pulps. They found that softwood and 
hardwood kraft pulps with a lower amount of lignin slightly increased only the final 
setting time while mechanical pulps considerably increased both the initial and final 
setting times of the cement paste. Their finding demonstrated the effect of lignin on the 
hydration reaction. 
Not only do chemical compositions influence the early hydration behaviors of a 
cement matrix, but the morphology of wood fibers does, too. The surface of the fibers 
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might serve as nucleation sites, or the hygroscopicity of the fibers could locally absorb 
and/or desorb highly alkaline pore water, affecting the amount of free ions precipitating 
nearby. Pereira et al. [25] found that a lignocellulosic substrate of  eucalyptus globules 
labill or “blue gum” could act as a cation exchange substrate, which adsorbs cations such 
as Ca2+, Na+, and K+ from filtrated cement solution. Therefore, they suggested that these 
locally absorbed calcium ions on the wood surface might impair or retard the hydration 
reaction.  
However, interaction(s) between fiber and cement could also lead to potential 
acceleration in early hydration via nucleation, local absorption, adsorption, or desorption. 
As shown in Figure 2.4, the chemical shrinkage of fiber-cement pastes – where fiber 
absorption is accounted for to maintain a constant w/cm – are higher than the ordinary 
paste. The slightly greater chemical shrinkage in fiber-cement pastes indicates some 
complex early-hydration behaviors. For example, the higher chemical shrinkage of fiber-
cement pastes could result from surface nucleation or from an osmotic effect related to 
the variation in concentration of the solution in the hydrating cement pastes’ capillary 
pores and the fiber lumen. In addition, until the paste densifies sufficiently, water 
ponding on the surface could be absorbed through interconnected fibers and porosity, 
providing external water for further hydration. This effect, related to the experimental set 
up, could increase the chemical shrinkage of fiber-cement pastes. The experiments 
provided evidence that the early hydration reactions and shrinkage behaviors of fiber-
cement pastes are complex. Therefore, further studies correlating hydration reactions with 
early-age behaviors should be performed with the technique that does not contain an 
artifact form the experimental set up. In particular to better understand the interactions 
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between fibers and cement at very early ages, a non-destructive technique would be the 
best technique to completely observe the water dynamics of wood fiber/cement system 
during hydration. 
 
Figure 2.4 – Chemical shrinkage of the cement pastes compared with that of fiber-cement 
pastes of unbleached soda fiber (USF), semi-chemical fiber (SCF) and unbleached kraft 
fiber (UKF). 
 
The water dynamics of hydrating cement at very early ages can be non-
destructively monitored by nuclear magnetic resonance (NMR) and magnetic resonance 
imaging (MRI) techniques. These fast and potentially non-invasive techniques are based 
on measurements of the relaxation of specific atomic nuclei from an electromagnetically 
excited state to their natural state. Although proton NMR was first used in cement pastes 
by Kawachi et al. [59] in 1955 for studying of cement hydration, the use of proton NMR 
in cement-based materials has become popular only since the early 1980s in several 
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applications such as studying the structure of hydrated phases, determining the pore 
structure and pore size distribution of cement pastes, and observing the kinetics of the 
hydration processes.  MRI was introduced in porous materials by Gummerson et al. [60], 
in 1979 for monitoring the dynamics of the internal water distribution in inorganic porous 
materials during capillary flow. Currently, 1H relaxation MRI has been used to monitor 
the ingress, the drying, and the distribution of water in a cementitious matrix on a 
micron-scale resolution. Here, its sensitivity to water distribution will be used to monitor 
the distribution and the dynamic of internal curing water in cement pastes at early ages.  
Unlike other tomographic techniques such as x-ray computed tomography (x-ray 
CT), the most recent development in combining NMR/MRI provides a method of 
obtaining not only the three-dimensional distribution of a liquid phase but also physical-
chemical information by examining NMR spectra and relaxation times. Moreover, 
information pertaining to pore sizes, range from an angstrom up to about 10 micron [61], 
and surface areas in cement paste can be obtained by analyzing magnetic-resonance 
relaxation times, which are very sensitive to changes in both the molecular environment 
and molecular mobility. After the application of an RF pulse, nuclear spins, to return to 
their equilibrium state, transfer their magnetic energy to surroundings, referred to as 
“relaxation.”  The analysis of relaxation times – the spin-lattice relaxation time 
(longitudinal relaxation, T1), the spin-spin relaxation time (transverse relaxation, T2), and 
the effective spin-spin relaxation time (T2*) – provides information pertaining to the 
structure of the material. These relaxation processes occur simultaneously and can be 
used in studying the water dynamic in cementitious systems. In this research, potential 
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applications include the monitoring of internal curing water consumption in low w/c 
fiber-cement paste.  
Although NMR observations of solid materials are more difficult than those of 
soft materials because of their relatively short relaxation times, several studies have 
successfully applied NMR to monitor the setting, hydration, and porosity evolution of 
cement, mortar, and concrete [46, 62-66].  Wang et al. [62] demonstrated the use of NMR 
to detect the setting of cement and the depletion of water during cement hydration. They 
continuously monitored the setting process by observing the evolution of the (T1) 
distribution with an inversion recovery (IR) sequence, but they assessed the content of 
free water molecules in capillary pores and physically bound water with a simple one-
pulse acquisition sequence. The authors found that the time derivative of optimum T1, 
that is, the modal value of the T1 distribution, correlated with the percolation of the solid 
network determined by using the Vicat needle test method.  They found that the reduction 
in the signal amplitude of the one-pulse sequence was proportional to free water 
consumption, so it could be used as an indicator of the hydration process.  
In an advanced stage of hydration, the photon frequency induction decay (FID) of 
a portland cement paste can be divided into three main components: 1) a component with 
a relatively long T2 representing water in the micropores and layers, 2) a component with 
an intermediate T2 representing the bonded water in the gel phase, and 3) a component 
with a very short T2 representing the protons of the solid OH groups and the water of 
crystallization. Three main modes of the T2 separated by an order of magnitude above 1 
ms, 100 µs, and 10 µs are assigned to water molecules that are physically bound in 
capillary pores, interlayer water in the C-S-H gel structure, and water that is chemically 
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combined with the hydrated cement matrix, respectively. However, since the chemically 
bound water in the gel phase, which has significantly short T2, is difficult to observe, 
most studies have focused on the detection of physically bound water in the confined 
pore structure of cement paste. The two components of capillary water provide 
information that facilitates the monitoring of the hydration behavior of cementitious 
materials.  
To clarify the internal curing mechanism of alginate, a natural polysaccharide, in 
cement, Friedemann et al. [67] performed 1H NMR experiments of T2 and self-diffusion 
of physically bound water. They performed the T2 relaxation studies using the Carr-
Purcell-Meiboom-Gill (CPMG) sequence and the diffusion studies using pulsed field 
gradient (PFG) NMR. For CPMG, they set the echo time (TE) to 100 µs so that only 
water in the capillary and gel pores could be detected. By analyzing the T2 distribution, 
the authors found that the transportation of entrained water from alginate to the cement 
matrix starts at the onset of the accelerated period of the hydration reaction and, 
depending on the amount of entrained water, ends within 20 hours or continues for 14 
days. In addition, by combining one-dimensional NMR imaging with PFG NMR 
diffusometry, the authors were able to monitor the reduction in the self-diffusion 
coefficient of physically bound water in cement pastes over time. However, the diffusion 
studies were not sensitive enough to capture the difference between diffusion coefficients 
of the control samples and those of the internally cured samples.  
Recently, Cheumani et al. [46] investigated wood-cement interactions taking 
place in wood-cement composites during hydration by using low-field NMR relaxometry. 
They observed water in wood, the transformation of water from wood to cement, the 
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transformation of capillary pore water into hydrates and gel pores, and its transformation 
into a cement matrix. They found that although hardwood contained three types of pore 
water – T2 of 4.1-6.9 ms, 19.9-43.7 ms, and 164-279 ms – assigned to water in small 
pores found in the cell wall, the wood cell lumen, and the wood vessels, respectively, 
large pores filled with water only when the water content in the wood was sufficiently 
high. They also observed the migration of water, especially free water, from wood to 
cement in wood-cement composites rather than phenomena associated with cement 
hydration alone.  At the end of the process, depending on the initial water content, some 
of the water, in the form of free or bound water, was retained in the wood. 
Although Cheumani et al. have demonstrated that the NMR relaxometry 
technique is a powerful tool that can be used for probing water in wood-cement 
composites and optimizing the wood-cement system, the results of some of their 
experiments remain unclear. The presence of lignin in wood and the effects of wood 
hygroscopic properties on initial water content, both of which can affect their results.  
Since they used toluene-ethanol solution and water to remove extractives from wood, 
most of the lignin might remain in the wood cell structure. However, the presence of 
lignin in the wood cell structure affects experimental results because lignin could delay 
the initial and final setting times of composites, as demonstrated in several studies [68]. 
The wood’s hygroscopic properties can also change the bulk w/c of composites. 
Depending on its initial water content, wood can absorb water during mixing and desorb 
it to cement later on. Therefore the water available to cement during mixing was changed, 
which in turn affected results.  
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Since MRI permits three-dimensional imaging with minimal sample preparation 
and provides information on the liquid phase, MRI is attracting an interest among cement 
and concrete researchers. However, as mentioned before, since the nuclear spin relaxation 
times of water in porous materials are significantly short, the use of MRI for imaging 
fluids in porous materials, like cement and concrete, is much more complicated than that 
of bulk liquids in a biological tissue.  The signal data of the water in porous materials by 
using conventional pulse- and gradient-echo techniques contain a relatively poor signal-
to-noise ratio (SNR) because the transverse relaxation times of the cement matrix are 
considerably shorter than the echo time due to the strong chemical and physical bonds 
between fluid molecules and hydrated cement matrix. Since the pore solution of cement 
contains a high concentration of paramagnetic ions such as Na+, K+ and Ca2+, Greener et 
al. [69] found that the T2 of the mixing water that has not yet formed a part of hydration 
product of white cement paste at about 12 min after mixing is approximately 40 ms, 
which is considerably shorter than that of free water in which the T2 is about 3s. 
Therefore, the traditional standard techniques such as a spin-echo technique cannot 
provide a high spatial resolution signal. However, some studies have provided strong 
evidence that other techniques such as a single point imaging (SPI) and a single-point 
ramped imaging with T1-enhancement (SPRITE) can be used to measure the profiles of 
water in building materials such as plaster, mortar, and concrete.  
Unlike conventional MRI techniques, SPI is a pure phase encoding technique that 
detects a single point of frequency induction decay within a short time after the pulse is 
excited.  The gradients along the x, y, and z axes, (Gx, Gy and Gz, respectively) are 
activated before a radio frequency (RF) pulse is applied. This RF pulse rotates the net 
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magnetization of the magnetic field by 90o. The gradient along each axis is consecutively 
changed in steps while the others are kept constant. Therefore the density of spins, as a 
function of position, is phase encoded along the gradient direction, so that a particular 
phase in the NMR signal corresponds to a particular position on the axis. The signals 
which are proportional to the density of the spins are Fourier transformed to the final 
spatial image. Pure phase encoding is insensitive to signal loss, artifacts, and distortions 
due to time-varying magnetization and chemical shift; therefore, SPI techniques are often 
used for acquiring images of the hydration reaction of porous materials. The encoding 
times of an SPI experiment can be only 10 to 100 µs, so signal data gathered from such 
an experiment are insensitive to distortion. Although images from MRI have lower 
resolution than those from the electron micrographs, Jaffer et al. [70] showed that SPI 
technique is sensitive enough for imaging cement pastes. The signal was very sensitive to 
water concentration gradient and allowed monitoring of diffusion of water into the paste 
sample.  They also presented a reasonable image of the major cracks and their 
interconnectivity of the sample with a resolution of 312 µm × 312 µm × 624 µm per 
voxel. Moreover, with more detailed calibration of the MRI images by information 
obtained from environmental scanning electron microscope (ESEM) they could identify 
the features that are not clear such as unhydrated particle, calcium hydroxide, and calcite 
crystals.  
Although SPI experiments provide good resolution with high SNR, the 2D and 
3D imaging of samples by SPI technique is time consuming because the technique 
generates only one k-space data point per excitation. To overcome this problem, Balcom 
et al. [71] developed another method based on the SPI technique called “SPRITE.” While 
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this technique is also insensitive to resolution loss and distortion resulting from 
susceptibility, chemical shift, and field inhomogeneity, its imaging speed is much faster 
than SPI because SPRITE can acquire an entire k-space data line with a single gradient 
waveform.  They suggested that the acquisition time for a 3D imaging of a concrete 
sample with about 3 cm diameter could be as low as 15 seconds [72]. The local image 
intensity from SPI and SPRITE is given by Eq. 3.1. 
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where S is the local image intensity, M0 is the local sample magnetization, TR is the 
repetition time between RF pulses, tp is the encoding time at which a single data point is 
recorded after an RF pulse, and θ is the rotation angle of the sample magnetization caused 
by the RF excitation pulse.  Since TR is always longer than T1 for cement and concrete, Eq 
3.1 can be simplified to Eq 3.2, which is a straightforward equation for rapidly determining 
fluid content in porous matrix 
 
𝑆𝑆 = 𝑀𝑀0 ∙ 𝑒𝑒
𝑡𝑡𝑝𝑝
𝑇𝑇2∗ ∙ 𝑐𝑐𝑠𝑠𝑠𝑠𝑐𝑐    Eq. 3.2 
 
This literature indicates that the NMR/MRI technique can be used to examine the 
hydration of the cement matrix and the behavior of fiber-cement paste upon exposure to 
water such as water ingress, drying, and distribution. Therefore, this proposed study will 
employ NMR/MRI technique to clarify the internal curing mechanism of wood fibers. 
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The sensitivity of MRI to water distribution will be used to monitor the distribution and 
the dynamic of internal curing water in cement pastes, while the proton NMR 
relaxometry will be applied to investigate the transformation of internal curing water into 
C-S-H gel water at early ages. Specifically, by applying NMR/MRI technique together 
with autogenous shrinkage experiments, there is an opportunity to reveal internal curing 
mechanisms of pulp fiber-cement composites that cannot be captured by the use of other 
techniques. Such this understanding will potentially enhance the use of pulp in 
cementitious materials by guiding the selection, dosing and design of pulp for a specific 
propose.  
2.5 Unrestrained and Restrained Shrinkage Behaviors of Fiber-Reinforced 
Composites 
During its service life, cementitious materials are subject to volume changes 
caused by factors such as the hydration reaction, self-desiccation, and moisture loss.  
When cement hydrates, the total volume of hydrated products is lower than that of 
unreacted cement and water, which causes chemical shrinkage, as illustrated in Figure 
2.5. Chemical shrinkage is inevitable (i.e., it occurs independent of environment or w/c) 
and continuously occurs at a microscopic scale as long as the hydration reaction 
proceeds. Self-desiccation is predominant in a low water-to-cement ratio matrix (w/c < 
0.42) in which external water is not available, either due to curing conditions or matrix 
density. Therefore, cement consumes water from capillary pores for further hydration, 
creating a noticeable uniform reduction in volume, or “autogenous shrinkage” or “self-
desiccation” shrinkage, as shown in Figure 2.5. Drying shrinkage is a phenomenon that 
results when cement, mortar, concrete, and fiber-reinforced composites lose their water to 
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surroundings. The loss of water creates capillary pressure, leading to contraction in the 
volume of a specimen.  The magnitude of drying shrinkage depends on environmental 
conditions such as temperature and relative humidity. In addition to these factors, 
chemical reactions such as carbonation also contribute to volume changes in cementitious 
materials. However, the proposed study will focus more on shrinkage caused by the 
hydration reaction, self-desiccation, and moisture loss.  
 
Figure 2.5 – Chemical and autogenous shrinkage volume changes of cement paste [68]. 
 
Unrestrained drying shrinkage, also called “free shrinkage,” is a condition in 
which concrete and mortar shrink freely without any external restraint.  When a specimen 
is free to shrink, tensile stress does not develop and cracking does not occur. However, a 
concrete and mortar member is normally restrained by other members such as connecting 
members, the foundation, and reinforcements, which do not allow them to shrink, 
resulting in significant stresses in the specimen. Although aggregates provide volume 
stability to concrete which reduce the potential of cracking, since cementitious materials 
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are weak in tension, concrete will eventually crack as a result of the development of 
tensile stresses.  
Cracking, an inevitable phenomenon of mortar and concrete, can range from 
micro-scale to macro-scale. Starting with microcracking, these small cracks continue to 
develop as the stress increases and then begin to coalesce to form a single localized crack 
in the concrete. In most cases, cracks do not significantly affect the mechanical efficiency 
of concrete structures, but they drastically reduce the durability of concrete because they 
create interconnecting flow paths while increasing concrete permeability. The 
progression of cracks allows more water and aggressive chemical ingress into the 
concrete, which accelerates further deterioration.  
Despite the many transport processes in concrete such as diffusion, permeability, 
electro-migration, thermal-migration, osmosis, and capillary suction, both diffusion and 
permeability are most commonly used as key indices for assessing the durability of 
concrete because they indicate the transport processes of ions and water through concrete, 
respectively. Diffusion is a transport process driven by concentration gradients of 
chemical ions through saturated concrete without the flow of water. Therefore, mass 
diffusivity, the so-called “diffusion coefficient,” is the ability of substances or dissolved 
ions to flow along a medium of interest. Permeability is defined as the rate of the 
pressure-driven flow of fluid into a porous solid, and the permeability of concrete refers 
to the rate of entry or movement of fluid containing aggressive substances into concrete 
[73]. Both diffusivity and permeability are microstructure dependent and have a strong 
correlation with interconnected pores and flaws. For uncracked concrete, both the w/cm 
and the degree of hydration play an important role in controlling interconnected porosity, 
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which in turn relates to the permeability of concrete. The lower w/cm and the higher 
degree of hydration result in lower permeability. However, cracks generate alternate flow 
paths that allow more water and deteriorating substances into concrete and its 
reinforcements. Thus, cracked concrete is more vulnerable to the processes of 
deterioration than uncracked concrete.  
Since cracks affect the durability of structures, many researchers focus on testing 
of the potential of cracking in mortar and concrete. Several test methods, both with 
unrestrained and restrained conditions, are capable of identifying the potential for 
cracking in mortar and concrete. The simplest test method is the measurement of the 
change in the length of samples without any restraint. This standard test method, ASTM 
C157 [74] “Standard test method for length change of hardened hydraulic cement mortar 
and concrete,” evaluates free shrinkage.  While the results of the free shrinkage test 
provide some insight about the driving force behind drying shrinkage cracking, one 
cannot predict the cracking behavior of mortar and concrete in the field by analyzing only 
free deformation data.  However, the results of the free shrinkage test combined with a 
stochastic approach and numerical models could predict the cracking potential of 
concrete [75], but it is still not applicable to fiber-reinforced concrete because of several 
additional factors such as the initiation of cracking and the role of toughening. 
Furthermore, in fiber-reinforced cement paste, mortar, and concrete, the cracking 
tendency is a combination of the effects of free shrinkage and fiber reinforcement.  
Restrained shrinkage tests of mortar and concrete are more complex than free 
shrinkage tests in several ways.  For example, the extent of cracking depends on 
surroundings and restraint conditions [76] and the degree of restraint must be sufficient to 
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generate stress that induces cracking. Moreover, the degree of restraint, the behavior of 
drying, and the development of stress in tests depend on specimen geometry and 
boundary conditions [77-82].  Because the combination of several phenomena such as 
hydration, drying, and the evolution of mechanical properties affects the stress state, the 
analysis of restrained cracking becomes more difficult.  However, if researchers properly 
design and perform a restrained test, one can obtain useful results and determine the 
cracking tendency.  To understand the cracking behavior of mortar and concrete, many 
researchers have developed restrained tests based on several specimen geometries such as 
linear, ring, and flat specimens.  
The linear restrained shrinkage test normally consists of a set of long-slender 
specimens, each of which is cast with either one or two fixed ends.  If only one end is 
fixed, another end is free to move and controlled by using equipment that applies and 
records the force required to keep the specimen at a constant length [81, 83]. The applied 
load and the known cross-sectional area are converted to restrained shrinkage stress. If 
both ends are fixed, the test results normally find the time-to-cracking, the crack width or 
area, and the crack pattern [80, 82, 84]. A specimen that cracks later and has a smaller 
crack width represents better performance.  
The most common restrained shrinkage test method is referred to as “restrained 
ring testing” in the standard ASTM C1581 [85] “Standard Test Method for Determining 
Age at Cracking and Induced Tensile Stress Characteristics of Mortar and Concrete under 
Restrained Shrinkage.”  As a result of drying, concrete tends to shrink, but the shrinkage 
is restrained by a steel ring that creates internal uniform pressure:  hoop tensile stress and 
radial compressive stress.  If strain gauges are attached on the inner steel ring, the 
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residual stress that develops from the restraint can be quantified, presenting an advantage 
over the linear method. Cracks that result from the restrained ring test can be observed 
and measured with a microscope.  
While the ring test remains the most widely used as a quality control test for 
assessing the shrinkage cracking potential of a concrete mixture, its metallic ring does not 
physically or chemically represent real substrates. Therefore, several researchers have 
designed experimental methods with mortar cast on concrete or brick substrates for more 
realistic mortar/substrate systems [86, 87]. The distribution of strain in cementitious 
materials, which is related to its composition and microstructure, can be observed by 
using image analysis (i.e., the digital image correlation technique).  This technique, 
which allows deformation to be visualized and linked to specific microstructural features, 
provides additional insight into the mechanisms of deformation, illustrated in Figure 2.6 
(work by Lopez et al. [88]). While Figure 2.6b shows the elastic strain map of a normal 
strength concrete specimen subject to applied stress, Figure 2.6c and Figure 2.6d present 
the creep and shrinkage strain map after the application of stress after one day and 28 
days, respectively. More recently, Mauroux et al. [87] have investigated the early-
shrinkage behavior of plastering mortar. They used the mapping of strain heterogeneity, 





Figure 2.6 – (a) Region of interest obtained at high magnification on a specimen under 
9.7 MPa stress, (b) an elastic strain map, (c) a one-day creep and shrinkage strain map, 
and (d) a 28-day creep and shrinkage strain map [88]. 
 
 
Figure 2.7 – Local surface variation map during free shrinkage after 10 h of drying [87]. 
 
Although the main sources of cracking are stresses induced by restrained drying 
shrinkage, the combination of several phenomena such as hydration and drying and the 
evolution of mechanical properties affect the development of stress at an early age, 
making the early-age cracking more difficult to analyze. Therefore, in this study 
additional tests including split tension, modulus of elasticity, and free shrinkage will be 




2.6 Shrinkage Cracking of Natural Fiber-Reinforced Cementitious Materials 
 One of the most efficient technologies that control many types of cracks of all 
ages is fiber reinforcement, which can be classified in terms of its end effect: the control 
of plastic shrinkage cracking up to the time of setting of the concrete and the mitigation 
of cracking in hardened concrete between hardening and long-term maturity. The effect 
of fiber reinforcement depends on the type and amount of fiber in concrete. For example, 
controlling plastic shrinkage cracking requires a low content of fibers (approximately 
0.1% by volume) with a low modulus of elasticity.  However, hardened concrete requires 
both higher content and higher modulus fibers to maximize the efficiency of the 
reinforcing fibrous system.   
Generally, at a low volume fraction (<1%), fibers are used to reduce shrinkage 
cracking; at a moderate volume fraction (1-2 %), they increase the modulus of rupture, 
fracture toughness, and impact resistance; and at a high volume fraction (>2%), they 
produce the strain-hardening mechanisms of composites. These composites are often 
referred to as “high-performance fiber-reinforced cement composites (HPFRCC)” or 
“ultra-high performance fiber-reinforced cement composites (UHPFRCC).” Another 
advantage of fiber is that it provides the toughening mechanism of concrete, referred to as 
“fiber bridging.”  Unlike plain concrete, fiber-reinforced concrete does not break 
immediately after the initiation of the first crack. It does break, however, when fibers are 
pulled out or deboned. Since pullout and debonding play an important role in the fiber-
bridging mechanism, from material and structural points of view, optimizing the bond 
between the fiber and the matrix requires a delicate balance. If the fibers have a weak 
bond with the matrix, they can slip out under a low load contributing very little to crack 
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bridging. On the other hand, if the bond with the matrix is too strong, the fibers may 
break before they dissipate energy. Therefore, the interface between fiber and cement is 
crucial. 
According to several studies, the inclusion of cellulose fibers at 0.5 and 1 percent 
by volume of concrete and mortar does not affect their drying shrinkage behavior [11, 
89]. Another study reported an increase in the free shrinkage of natural fiber-reinforced 
mortar [90]. The additional shrinkage was attributed to the shrinkage of natural fiber 
when it released water during drying, and an increase in the porosity of the matrix 
because of the addition of natural fibers. Filho et al. [90] reported that the type of natural 
fiber affected free shrinkage. They found that the addition of 3 percent sisal fiber 
increased drying shrinkage by 27 percent, which was 8.2 percent higher than the drying 
shrinkage of coconut fiber-reinforced concrete. 
Although natural fibers were found not to reduce the drying shrinkage, many 
publications reported their effectiveness at mitigating restrained shrinkage-induced 
cracking [11, 89, 91]. Sarigaphuti et al.[89] showed that the addition of fibers at a 0.5 
percent volume to concrete can delay the onset of cracking. Based on their experiments, 
pulp fiber-reinforced rings delayed cracking up to six days compared to plain concrete 
while polypropylene reinforced concrete delayed cracking by only three days. The 
maximum crack width of pulp fiber-reinforced concrete was only 55 percent of plain 
concrete. Soroushian [91] found that  a 0.2 percent volume of pulp fiber delayed the 
initiation of cracking in a concrete sample up to 26 days. Kawashima and Shah [11] also 
reported 57 and 86 percent reductions in the crack width of the cellulose fiber-reinforced 
mortar and concrete, respectively.  
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In this study, although the length of eucalyptus pulp is relatively short compared 
to other cellulose-based fibers used in mortar and concrete, it is worth examining the 
mechanical properties of eucalyptus fiber-reinforced mortar because such pulp may 
improve some mechanical properties and/or reduce potential of cracking of cementitious 
materials at early ages. Since eucalyptus trees grow rapidly and they can adapt to a 
variety of conditions and regions, if eucalyptus fibers can be used as a substitute or partial 
replacement for long-length fibers, they will benefit cementitious materials more than any 








3.1 Overview of Research Plan 
The goal of the study is to evaluate the potential of eucalyptus pulps for the 
mitigation of early-age shrinkage and restrained cracking in cementitious materials. 
Therefore, experiments were designed to fully address the effects of such pulps on 
cementitious materials from the fundamental perspective. Overall, the experiments can be 
divided into three major tasks of work. The initial work task, which is related to objective 
1, focused on evaluation of internal curing performance among eucalyptus fibers from 
different processes to select the candidate fibers for further studies.  The second task, 
which is related to objective 2, focused on the early age behaviors of pulp-fiber cement 
composites, both the effects of fiber on hydration reaction of cement and the migration of 
water and pore solution ions during internal curing. The final work task, which is related 
to objectives 3 and 4, aimed to examine the performance of eucalyptus pulps for the 
mechanical reinforcement of fine structured cementitious composites and its use in 
concrete structures. Experimental details for the sample preparation and testing are 






Task 1 (Objective 1):  Evaluating the effects of the fiber chemical composition and 
the physical structure on internal curing performance. 
Early-age cracking resulting from self-desiccation is as a major problem in 
concrete structures with low w/c and low w/cm.  One strategy to mitigate such a problem 
is internal curing based on the use of absorptive materials such as LWA, SAP, and wood-
derived materials, to provide a set of water-filled reservoirs within the concrete that 
supply water on demand to the hydrating cement paste. Because of significant research 
efforts on the use of LWA and SAP for internal curing, the key mechanisms controlling 
the performance of LWA and SAP on internal curing are successfully identified, while 
those of wood pulps remain unclear. Since the properties of wood pulps are more 
complex than that of the LWA and SAP, wood pulps can hold water in the lumen and the 
cell-wall pores and bound water to their chemical compositions, which creates difficulty 
in identifying the key mechanisms underlying the performance of pulps on internal 
curing.  
In this task, experiments were designed to determine a most significant parameter 
that can serve as an indicator for comparing the efficiency of pulps for internal curing 
applications. This parameter was selected based on the analysis of fiber characteristics 
such as morphology, chemical composition, and absorption capacity, together with the 
internal curing behavior of the fiber-cement pastes (i.e. autogenous shrinkage). Five 
different treatments of commercially available eucalyptus pulp were evaluated and 
compared for the selection of candidate pulps for further studies. These fibers – 
unbleached kraft pulp, bleached kraft pulp, unbleached soda pulp, bleached soda pulp, 
and semi-chemical pulp – were collected from common chemical processes used for 
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eucalyptus pulping (i.e. kraft pulping, soda pulping, and semi-chemical pulping). The 
alteration from pulping process including bleaching may affect the performance of such 
pulps in cement-based materials.  
Task 2 (Objective 2):  Evaluating the mechanisms underlying the early-age 
interactions between pulp and cement and the migration of water and pore solution 
ions during internal curing. 
Once the candidate pulps were selected based on results in the first task, more 
experiments were conducted to gain a thorough understanding of the interactions between 
eucalyptus pulp and cement. For preliminary investigation of interactions between pulp 
and cement, chemical shrinkage of fiber-cement pastes was compared with that of the 
plain cement paste. Then, mechanisms underlying such interactions were proposed.  
Chemical interactions between fiber and cement at early ages were evaluated 
using nanocharacterization techniques. In this effort, atomic force microscopy (AFM), 
scanning electron microscopy/energy dispersive x-ray spectroscopy (SEM/EDS), and x-
ray photoelectron spectroscopy (XPS) were used in combination to quantify variation in 
the elemental composition of fiber, through its structure and after its introduction to 
cement. Surface morphology of the pulp was observed using AFM and SEM while the 
surface chemistry and the way in which that chemistry changes at the surface region were 
evaluated using XPS. In addition to fiber alterations, inductive coupled plasma/optical 
emission spectroscopy (ICP/OES) was used to determine the concentrations of the 
elements in the pore solution of cement before and after fiber immersion. 
For the in-depth clarification of the internal curing mechanism of eucalyptus pulp, 
the migration of water or pore solution during internal curing was nondestructively 
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monitored by nuclear magnetic resonance (NMR) and magnetic resonance imaging 
(MRI) techniques. The NMR/MRI techniques together with autogenous shrinkage and 
isothermal calorimetry measurements revealed the internal curing mechanisms of pulp 
fiber-cement composites that could not be captured by the use of other techniques.  
Task 3 (Objectives 3 and 4): Examining the performance of eucalyptus pulps for the 
mechanical reinforcement of mortar and the use of its in concrete. 
Because of its short length, only a few scientific publications pertaining to the use 
of eucalyptus pulp in mortar and concrete are available. Most of the experimental results 
pertaining to the effect of eucalyptus pulp in the mitigation of cracking in mortar and 
concrete have not yet been sufficiently explored. However, since its short length can 
facilitate uniform dispersion of fiber thorough out a matrix, this property warrants further 
examination. This research focused on possible applications of eucalyptus pulps in mortar 
and concrete; therefore, several experiments were designed and conducted to examine the 
potential of eucalyptus pulps to reinforce fine structures such as mortar stucco and the 
effect of such pulps in concrete.  
Given the hypothesis that although eucalyptus fibers may not improve the long-
term tensile capacity of mortar, they could enhance some tensile capacity at very early 
ages and, thus, reduce the potential for cracking. So, one possible application of 
eucalyptus pulp is the enhancement of some early-age properties of mortar when the 
mortar is not mature and prone to crack under restrained shrinkage conditions. Therefore, 
this work compared the performance of eucalyptus pulps on the early-age cracking 
mitigation in ordinary types of mortar to that in mortar containing a more common 
internal curing agent, superabsorbent polymer (SAP). Both the ability of eucalyptus pulp 
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to reinforce and its capacity to provide internal curing were evaluated through a series of 
restrained shrinkage tests, early age mechanical tests, and characterization. By following 
ASTM C1581, the study examined the potential for the cracking of eucalyptus-reinforced 
mortar and quantified the development of internal stress developed from the restraint. 
Cracks that result from the restrained steel ring were observed and measured. Strain 
sensors were used to monitor the development of stress during restrained shrinkage and 
provided an assessment of the time of cracking. Although the main sources of cracking 
were stresses induced by restrained drying shrinkage, the combination of various 
phenomena such as hydration and drying and the development of mechanical properties 
affected the development of stress at an early age, making early-age cracking more 
difficult to be analyzed. Therefore, additional tests, including split tension, modulus of 
elasticity, and free shrinkage were performed to thoroughly evaluate this behavior. 
The effects of eucalyptus pulp on the flexural performance of mortar were 
examined by performing three-point bending tests on fiber-reinforced mortar at different 
volume fractions of eucalyptus pulp. The area under the load-deflection curve after the 
first crack of eucalyptus fiber-reinforced mortar, known as "post-cracking toughness," 
indicated whether eucalyptus can increase the toughness of mortar. For further 
investigation, microscopy techniques, both scanning electron microscopy (SEM) and 
variable-pressure electron microscopy (VP-SEM) were employed to establish a 
relationship between fiber morphology with toughening mechanisms and crack 
propagation.  
To evaluate the use of eucalyptus fibers in concrete, this study compared 
compressive strength and the chloride transport properties of internally-cured eucalyptus 
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fiber-reinforced concrete to those of the unreinforced and SAP-blended concrete. Based 
on the electron migration of ASTM C1202, a “standard test method for electrical 
indication of concrete's ability to resist chloride ion penetration,” and bulk diffusion tests 
of ASTM C1556, a “standard test method for determining the apparent chloride diffusion 
coefficient of cementitious mixtures by bulk diffusion," the effect of such pulp on 
electron migration were examined. The bulk diffusion coefficients determined in this 
study were used in Life-365 software to estimate the service life of a reinforced concrete 
structure. The results provided more insight into which applications that eucalyptus pulps 
be used in concrete or does it can ever be used in concrete.  
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Figure 3.1 – Scope of experimental program. 
By evaluating five different treatments of commercially available eucalyptus 
pulp.  
• Studies of fiber characteristics 
 Morphology 
 Chemical composition 
 Absorption capacity 
• Studies of internal curing behaviors 
 Autogenous shrinkage 
 Chemical shrinkage 
Objective 1: To understand the underlying effects of the fiber chemical 
composition and the physical structure on internal curing performance. 
By evaluating of the effects of fiber on the hydration reaction of cement. 
• Studies of fiber-cement interactions 
 Surface analysis 
 NMR experiments 
By examining the behavior of fiber-cement pastes upon exposure to water.  
• Studies of internal curing water distribution  
 MRI/NMR experiments 
Objective 2: To evaluate the mechanisms underlying the release and 
the migration of water and pore solution ions during internal curing. 
Selecting candidate fibers for future research 
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Figure 3.1 – Scope of experimental program (continued).
By evaluating the mechanical properties of mortar and concrete 
• Mortar properties 
 Flexural toughness 
 Restrained shrinkage 
 Free shrinkage 
 Elastic modulus 
 Tensile strength 
• Concrete properties 
 Compressive strength 
By examining the effects of eucalyptus fibers on the durability of concrete 
• Studies of chloride permeability 
 Surface resistivity 
 Rapid chloride permeability tests (RCPT) 
 Bulk diffusion 
Objective 3: To assess the role of pulp fiber in early-age cracking 
mitigation. 
& 
Objective 4: To evaluate the potential of eucalyptus fibers for 




THE EFFECTS OF THE FIBER CHEMICAL COMPOSITION AND 






While native to Australia, eucalyptus is now grown in most parts of the world in 
tropical and subtropical climates (e.g., North and South America, Africa, Mediterranean, 
Middle East, and Southeast Asia) and is of considerable interest to researchers and 
environmentalists alike because of their fast growth rate, which makes them highly 
renewable. Recently, Tonoli et al. [5] demonstrated the advantages of eucalyptus pulps as 
a reinforcement of cementitious materials; these include their high dispersibility and 
effective crack bridging. However, the internal curing performance of eucalyptus pulps 
had not been examined in their or other studies.  
This chapter evaluates the effect of variations in processing conditions of 
hardwood Eucalyptus camaldulensis fibers to produce five fibers—unbleached soda pulp, 
bleached soda pulp, unbleached kraft pulp, bleached kraft pulp, and semi-chemical 
pulp—and their performance as internal curing agents. The structure and composition of 
five different fiber variants were first evaluated by image analysis and thermal analysis 
techniques. Each of these fibers results from different processing of the same hardwood 
eucalyptus species. Then, the internal curing capacities of the fibers measured through 
standard autogenous shrinkage testing are compared to fiber composition and 
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morphology, to better clarify the complex roles these factors play in providing internal 
curing to cement-based materials. 
4.2 Materials and Methods 
4.2.1 Materials 
Eucalyptus camaldulensis (or River Red gum) fibers, sourced from Southeast 
Asia, were evaluated in this study. Fibers from five common commercial treatments, 
varying the types of chemicals used and the use of mechanical action during treatment – 
unbleached soda pulp (USF), bleached soda pulp (BSF), unbleached kraft pulp (UKF), 
bleached kraft pulp (BKF), and semi-chemical pulp (SCF) – were collected from 
commercial papermaking processes. The effect of internal restraint was evaluated by 
comparing the autogenous shrinkage test results of pulp fiber-cement pastes with that of 
the polypropylene fiber-cement paste (Grace MicroFiberTM), chopped to approximately 
0.5-1.5 mm in length (e.g., approximately the same length as the pulp fibers) to isolate 
the influence of the internal curing from any internal restraint provided by the fibers. The 
diameter of the polypropylene fiber was approximately 20-25 µm, which is slightly larger 
than the hardwood pulp fibers, but reasonably similar. 
The fiber-cement samples tested in this study by calorimetry and autogenous 
shrinkage experiments were prepared by mixing the as-received, never dried, fibers with 
ASTM Type I/II portland cement (Lafarge, North America) and deionized water (DI 
water, resistivity of 18.2 MΩ.cm) at a fixed w/c of 0.30. The oxide analysis was 
performed by X-ray fluorescence (XRF, Bruker AXS S8 Tiger) spectrometry.  The oxide 
composition of the cement is (percentage by mass): 19.73% SiO2, 4.82% Al2O3, 3.16% 
Fe2O3, 62.41% CaO, 3.64% MgO, 2.99% SO3, 0.08% Na2O, 0.48% K2O, and 2.2% LOI. 
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The crystalline phases of cement were determined by performing quantitative X-ray 
diffraction analysis (QXRD, Bruker AXS D4 Endeavor) with the Rietveld method using 
TOPAS software.  The crystalline phase composition of the cement is (percentage by 
mass): 52.6% alite, 20.7% belite, 3.7% aluminate, 11% ferrite, 0.1% lime, 2.3% 
portlandite, 2.6% periclase, 0.6% arcanite, 0.4% aphthitalite, 0.9% gypsum, 2.4% 
bassanite, and 2.7% calcite.  
4.2.2 Image Analysis to Quantify Morphology of Eucalyptus Pulp Fibers 
The cross-sectional dimensions of eucalyptus fibers were assessed by performing 
image analysis on scanning electron micrographs. Fiber morphological properties can be 
quantified effectively based on statistical image analysis with microscopy techniques [92, 
93]. Samples for each of the fibers were dispersed in DI water, vacuum filtered at 
74.5±3.5 kPa (22±1 in.Hg), and freeze-dried in order to eliminate clumping of the fibers, 
to prevent collapse of the fiber ultra-structures, and to preserve their microstructure. 
Freeze-dried fiber bundles were embedded in a hydrophilic aromatic acrylic resin (LR 
white embedding medium) and heat cured in a conventional oven at 60oC for 24 hours. 
After the acrylic resin was polymerized, samples were ground using silicon carbide paper 
with a grit size of 320, 600, and 1200, and polished using a 1.0 and 0.3 micron of 
aluminum oxide powder. Images of polished samples were acquired with a Hitachi S-
3700N variable pressure scanning electron microscope at 600X magnification with a 
20kV accelerated voltage and 9-10 mm of working distance. Using the public-domain, 
Java-based image processing program ImageJ, gray-scale images were thresholded and 
converted to binary images, as shown in Figure 4.1. In the binary image, small particles, 
such as grinding debris and other fine materials, and split fibers were discarded. Then, the 
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modal values of the diameters of the fiber and lumen in the fitted data were determined 
based on a statistical analysis of 350 cross-sectional fiber images per fiber type. 
      
     a.                       b. 
Figure 4.1 – Typical cross-section of fibers embedded in an acrylic resin (a) gray-scale 
SEM image and (b) binary image for analysis. 
 
4.2.3 Composition and Hard-to-Remove Water Analysis of Eucalyptus Pulp Fiber 
The compositions of the five fiber types were determined through measurements 
of lignin content, cellulose-to-hemicellulose ratio, and hard-to-remove (HR) water 
content. The lignin content in fibers was determined by a kappa number test according to 
TAPPI Standard T236. The total residual lignin content (TRLC) was calculated according 
to TRLC = kappa number/6.546 [94]. Because the kappa numbers of bleached pulp were 
very small, the residual lignin content in both bleached fibers was assumed to be 
insignificant, as expected for this type of fiber processing. The ratio of cellulose-to-
hemicellulose of each fiber was determined by measuring the weight change of samples 
during thermogravimetric analysis. As-received fibers were dried at 23±2oC and 42 
±3%RH in a ventilation hood for 24 hours prior to the test. Samples were placed in a 
thermogravimetric analyzer (TGA), TA instrument Q5000IR. The nitrogen gas flow rate 
was 20 mL/min for both balance and sample chamber gas. Samples were heated up from 
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room temperature to 600oC at a constant heating rate of 10oC/min. Since the main 
decomposition temperature of hemicellulose and cellulose occurs mainly at 220-315oC 
and 315-400oC, respectively [95], the cellulose-to-hemicellulose ratio of the fibers was 
defined as the fraction of the percent weight change at 315-400oC to the percent weight 
change at 220-315oC.  
In addition, for the purpose of understanding the use of pulp fibers for internal 
curing, it is important that relative availability of moisture provided by the fiber be 
assessed by measuring the HR water content. HR water can be defined as the moisture 
ratio (grams of water per gram of dry fiber) at the transition between the constant and the 
falling rate zones of evaporative changes in mass detected by during TGA [96]. Park et 
al. [96] proposed that the amount of HR water could be used as an indicator of the range 
in moisture content within which moisture loss from the fibers is controlled by internal 
diffusion. Therefore, this research will relate HR water to both fiber properties (e.g., fiber 
type, pore volume, and fiber wall thickness) and fiber-cement pastes properties, such as 
autogenous shrinkage. TGA was used to determine the HR water content in each fiber. 
The nitrogen gas flow rate was 20 mL/min for balance and sample chamber gas. 
Measurements of change in mass were made under isothermal conditions at 50oC until 
the weight change was negligible. The resolution of the instrument was 0.001 µg. 
4.2.4 Fiber Quality Analysis 
Fiber Quality Analyzer (FQA) was used to characterize the arithmetic mean 
length (L�n), the weight-weighted mean length (L�w), the fiber coarseness, and the length-
weighted percent fines content for each pulp fiber. FQA is a widely used optical fiber 
analyzer that gathers information of fibers through projected images of the fibers in a 
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dilute suspension transported through the optical and imaging systems. Since the mass of 
dry fiber (f), the total number of fiber (n), and the number of fiber in the length class li 








 Eq. 4.2 
Coarseness of the fiber is the “weight of fiber wall material in a specified fiber 
length” [27]. From FQA data, the mean value of fiber coarseness was: 






 Eq. 4.3 
The length-weighted percent fines content was calculated by dividing the total 
length of measureable fines (0.07 to 0.10 mm in length) by the total length of 
measureable fines and fibers. The maximum length of fine fraction set in this experiment 
was 0.1 mm. 
4.2.5 Autogenous Deformation 
The mix proportions for the control and fiber-cement paste samples were selected 
to maintain a constant amount of “entrained” water (e.g., water available for internal 
curing) with the constant amount of cement (by weight) and the w/c of 0.30, 0.31, and 
0.32, listed in Table 4.1.  The amount of fiber added to the cement paste depended on the 
absorption capacity (k) of the fiber, as determined by the method described by Johansen 
et al. [97]. Based on the assumptions that internal curing agents will absorb water from 
the mix to equilibrate at k and that they neither accelerate nor slow the rate of hydration, 
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the k of fibers can be calculated by comparing the early heat evolution data of the fiber-
cement pastes to those of ordinary cement pastes at a similar water-to-cement ratio. 
Absorption of water by the internal curing agents would be expected to produce 
calorimetry curves similar to those for ordinary pastes at a lower w/c; thus, the amount of 
water absorbed can be used to calculate k for an internally cured paste of known 
composition.  
To determine the k of fibers, fibers were first assumed to have k at 1. Then, using 
Eq. 4.4 and 4.5, the mass of mixing water (MW) and the mass of as-received fibers (MF) 
were calculated based on the mass of cement proportioned for the mixture (MCEM), the 
moisture content of each fiber (MC, determined according to ASTM D4442-07 [98]), the 
assumed k (kA), and dry fiber mass-to-cement ratio (f/c), Then, the early heat evolution 
data of fiber-cement pastes were compared to those of ordinary cement pastes to 
determine the effective w/c (w/ceff). Then, the kA of fibers was adjusted to the actual k of 
the fibers (Eq. 4.6 and 4.7). 









�� Eq. 4.4 














 Eq. 4.6 
 𝑘𝑘 = 𝑘𝑘𝐴𝐴 + ∆𝑘𝑘 Eq. 4.7 
The effectiveness of eucalyptus fibers as internal curing agents was examined 
through the comparison of autogenous shrinkage test results of fiber-cement pastes to 
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those of the cement pastes at three different water-to-cement ratios (w/c), i.e. w/c = 0.30, 
0.31, and 0.32. The autogenous deformation was measured according to ASTM C1698-
09 [99]. After mixing, the pastes were cast and sealed in corrugated polyethylene tubes 
having an outer diameter of 29 ± 0.5 mm with a length of 420 ± 5 mm. All of the samples 
were stored in an environmental chamber at 25oC ± 1oC during the entire test period. 
When the pastes reached the final set, determined according to ASTM C191-08 [100], 
measurements of the initial deformation were taken. The test data of fiber-cement pastes 
were compared with that of the control sample, which contained no internal curing agent. 
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Table 4.1 – Mix designs for the autogenous shrinkage measurements. 
 


















As-received MCa (%) - - - 487 417 529 529 401 401 414 414 - 
k - - - 1 1 1.5 1.5 2 2 2 2 - 
Cement (g) 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 1500 
Water (g) 450 465 480 391.95 402.45 412.10 393.15 434.93 419.85 433.95 417.90 450 
Dry fiber (g) 
[Dry fiber-to-cement 
in mass percent] 



















As-received fiber (g) - - - 88.05 77.55 62.90 94.35 37.58 75.15 38.55 77.10 15 
w/c 0.3 0.31 0.32 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
we/cb - - - 0.01 0.01 0.01 0.015 0.01 0.02 0.01 0.02 - 
a The moisture content of fibers is expressed as a percentage of the oven-dry mass of fibers. 





4.3  Results and Discussion 
To evaluate the internal curing performance of eucalyptus fibers, autogenous 
shrinkage experiments of cement pastes – w/c = 0.30, 0.31, and 0.32 – and fiber-cement 
pastes were performed. For more understanding of factors controlling the internal curing 
capacity of eucalyptus fibers, the autogenous shrinkage test results were then evaluated 
and analyzed in the context of fiber properties.  
4.3.1 Fiber Properties 
Table 4.2 summarizes results from the physical and chemical analysis of the 
fibers and provides data describing each fiber’s diameter, the lumen diameter, the cell 
wall thickness, the fiber coarseness, the arithmetic mean fiber length, the weight-
weighted mean fiber length, and the length-weight percent fines content, as well as other 
properties of each fiber, including k, the kappa number, the total residual lignin content, 
the cellulose-to-hemicellulose ratio, and the amount of HR water measured. 
The frequency distributions of the fiber and lumen diameters obtained through the 
statistical image analysis previously described are shown in Fig. 4.2 and 4.3, respectively. 
By using OriginPro data analysis software, the discrete frequency distributions of the 
fiber diameter were fitted based on Pearson IV distribution, while that of the lumen 
diameter were fitted based on log-normal distribution. Fitting parameters were iterated 
until the fit converged (Chi-square tolerance value of 1E-9 was reached). The modal 
values for the fiber diameter and lumen diameter can be determined from the peak values, 
evaluated by using local maximum peak finding method, from curves fitted to the 
discrete frequency distributions shown in Figures 4.2 and 4.3, respectively. The cell-wall 
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thickness is the difference between the modal value of the fiber diameter and lumen 
diameter divided by two. 
The weight-weighted mean fiber lengths, measured by using FQA, ranged from 
0.68- 0.78 mm. The weight-weighted mean fiber length is more commonly used in paper 
science, because it is more related to sheet properties than other mean lengths [101]. 
Although the diameter of fiber, the thickness of cell wall, the density of cell wall, and the 
cross-section of fiber affect the coarseness of fiber, Table 4.2 shows that, the cell-wall 
thicknesses evaluated by image analysis seem well correlated with coarseness values 
evaluated by using FQA. A fiber that has high coarseness value could be expected to 
have a thick fiber wall [102].  
Overall, the morphological properties resulting from the analysis of the fiber, 
determined from the image analysis and FQA, agree with prior research outcomes. 
Paavilainen et al. [103] reported that the properties of hardwood vary between 0.7-1.7 
mm, 2.5-5 µm, and 15-40 µm for the fiber length, the cell wall thickness, and the fiber 
width, respectively. Specifically, the morphological characteristics of Eucalyptus 
camaldulensis pulps grown in northern India are a fiber length of 0.8±0.21 mm, a fiber 
width of 15±3.1 µm, a lumen diameter of 7.2±0.8 µm, and a cell wall thickness of 
4.0±0.9 µm [6].   
Among these fibers, it is worth noting the variation in chemical composition, 
particularly cellulose-to-hemicellulose ratio and lignin content. With regard to chemical 
composition, as expected, the lignin and hemicellulose content in the fiber decreased as 
the degree of chemical treatment increased. Both fully chemically-treated fibers (BSF, 
BKF) had relatively high cellulose and low lignin contents compared to their 
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corresponding unbleached fibers (USF, UKF), resulting in cellulose-to-hemicellulose 
ratios of approximately 4.5-6 and 3-4, respectively. In addition, due to its lowest level of 
chemical treatment (a mild chemical treatment followed by moderate mechanical 
refining) among five fibers tested, the SCF had the highest amount of both lignin and 
hemicellulose.  
Fibers also vary in length-weighted percent fines content. Both soda fibers (USF, 
BSF) had the lowest fines content, while SCF had the highest, likely due to the 
mechanical aspects associated with this form of processing which are absent in the other 
soda and kraft processing methods. Some variation in k was also noted. Both soda fibers 
(USF, BSF) had k of 1 while that of SCF and both kraft fibers (UKF, BKF) were 1.5 and 
2, respectively. This can be implied that, based on dry fiber mass, the soda fibers, SCF, 
and kraft fibers absorb water about 1, 1.5, and 2 times their own weight, respectively. Of 
the parameters measured, k seems most well-linked to the lumen diameter, with the larger 
k found for fibers with the larger lumens. In addition, kraft fibers had a higher k of 2 
perhaps because these fibers are characterized by a narrower cell wall thickness and a 
larger lumen diameter than soda fibers, with k of 1. These results coincide well with prior 
studies that found that the water retention value (WRV), the amount of water held in the 
fiber, determined by centrifuge method, decreased as the mean fiber wall thickness 
increased [104]. Since water is retained by capillarity inside the lumen, fibers with a 
thinner wall thickness and larger lumen diameter contain more water that could result in a 
higher k. 
The fibers also varied in their proportion of HR water. While the SCF had the 
highest amount of HR water, the UKF had the lowest amount. While there is no clear 
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relationship between the measured k and the HR water content, variations in the fiber 
morphology and composition may influence the amount of HR water measured. Since the 
HR water is a combination of both bound water and some amount of free water that is 
located in small pores and capillaries, making it difficult to remove from fiber in the 
drying process, internal diffusion is considered to be the key mechanism for removal of 
HR water. Internal diffusion, then, depends on properties such as lumen diameter and 
volume, fiber wall thickness, fiber wall composition, and moisture content [105]. 
Therefore, both a smaller lumen diameter resulting in greater capillary tension and a 
thicker cell wall obstructing the diffusion of water to the surface contribute to a higher 
amount of HR water. From Table 4.2, a thicker cell wall thickness of soda fibers appears 
to correspond with the higher amount of HR water. In addition to the thickness of the cell 
wall, the higher HR content in the SCF could also be related to the higher lignin content. 
Since the lignin (and some hemicellulose) removal results in increased fiber wall porosity 
[106, 107], therefore, the higher lignin content in SCF could be interpreted that the cell 
wall of SCF is denser than other fiber types resulting in the slower moisture diffusion to 
the fiber surface.  
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Table 4.2 – Fiber properties. 
 
Fiber Properties 
Types of Fibers 
USF BSF UKF BKF SCF 
ka 1 1 2 2 1.5 
Kappa number 20-22 N/Ae 25 N/Ae 150-160 
Lignin content (%) 3-3.3 N/Ae 3.82 N/Ae 23-24.5 
Cellulose-to-
hemicellulose ratiob 
3.99 5.89 3.01 4.49 1.05 
HR water contentb 
(g/g dry fiber) 
1.44±0.11 1.45±0.01 1.30±0.02 1.37±0.09 1.76±0.06 
Fiber diameterc (µm) 12.914 12.524 12.602 12.797 14.124 
Lumen diameterc (µm) 5.067 4.716 5.341 5.341 5.380 
Cell wall thicknessc (µm) 3.924 3.904 3.631 3.728 4.372 
Coarsenessd (mg/m) 0.065 0.064 0.059 0.062 0.119 
Arithmetic mean lengthd 
(mm) 
0.471±0.01 0.463±0.01 0.481±0.01 0.481±0.00 0.418±0.00 
Weight-weighted mean 
lengthd (mm) 
0.690±0.02 0.778±0.09 0.734±0.04 0.771±0.05 0.684±0.01 
Length-weighted percent 
fines contentd (%) 
0.73±0.00 0.77±0.01 0.93±0.05 0.88±0.03 1.12±0.03 
ak of fibers were determined by performing isothermal calorimetry tests. 
bCellulose-to-hemicellulose ratio and HR water content of fibers were determined by measuring the 
weight change of samples in TGA. 
cFiber morphological properties—fiber diameter, lumen diameter, and cell wall thickness—were 
evaluated by performing an image analysis. 
dFiber qualities—coarseness, arithmetic mean length, weight-weighted mean length, and length-
weighted percent fines content—were determined by using FQA.  
eThe kappa numbers of bleached fibers were very small. Therefore, the residual lignin content in 









Figure 4.3 – Frequency distribution of the lumen diameters (µm) from the image analysis. 
 
4.3.2  Effect of Fibers on Early-Age Hydration 
Figure 4.4 presents the effects of the incorporation of fiber on the rate of the 
hydration of cement paste assessed by isothermal calorimetry. The mix design (i.e., water 
contents) of the fiber-cement pastes were adjusted corresponding to k of each fiber (Table 
4.2). With these adjustments, the addition of the fibers to the cement paste did not greatly 
affect the hydration rate of cement as expected, since the moisture expected to be 
absorbed by each fiber was accounted for in the mix design. Although the inclusion of 
BSF and BKF delayed the onset of the C3S hydration peak by 20 to 40 minutes, 
respectively, the cumulative heat of hydration over the first 40 hours did not vary much 
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among the pastes (Figure 4.5). By 50 to 60 hours, the overall hydration of the fiber-
cement pastes was slightly higher (~2-5% at 60 hours) than that of the control mix (w/c = 
0.30), providing some evidence that the internal curing offered by the fibers promotes 
early cement hydration. 
 






Figure 4.5 – Cumulative energy released from the cement paste compared with that of the 
fiber-cement pastes. 
 
Accounting for only k, the preliminary results suggest that of the five eucalyptus 
variants examined kraft fibers and SCF are most advantageous for internal curing. 
However, a more comprehensive assessment of the potential of these fibers as internal 
curing agents necessitates further data pertaining to composition and morphology as well 
as measurements of early age deformation, as will be discussed subsequently.  
4.3.3 Setting Time and Autogenous Shrinkage Behaviors of Fiber-Cement Pastes 
The capacities of the fibers to offset autogenous shrinkage by internal curing were 
compared through measurements of deformation made after the final set. The final set 
times of fiber-cement pastes, which were prepared to contain 0.01 of entrained water per 




compared to those of the cement pastes at w/c = 0.30 and 0.31 in Figure 4.6. Although 
lignin derivatives such as lignosulfonate could retard the hydration reaction of calcium 
silicate phases [108], the use of fiber containing a high amount of lignin such as SCF 
(nearly 23% lignin) did not extend the time to set. Instead, the setting times determined 
by using Vicat apparatus were generally the same. The exception is BKF, which extended 
the time to set by 40 minutes. This fiber also resulted in some offsets in the rate of 
hydration data obtained in isothermal calorimetry. Together, this provides evidence that 
the fiber has some effect on slowing early hydration. However, as seen in Figure 4.6, 
even BKF did not delay final set to the extent observed when increasing the w/c from 
0.30 to 0.31, demonstrating that variations in setting time with the addition of eucalyptus 
fibers is minimal.  
 
Figure 4.6 – Final setting time of the cement paste compared with that of the fiber-cement 




Figure 4.7 compares the autogenous shrinkage of the cement paste and internally 
cured fiber-cement pastes, measured after the final setting. All of the fiber-cement pastes, 
shown in Figure 4.7, were prepared based on the determined k of the fibers; each contains 
we/c of 0.01. Within the first few hours after the final setting, the fiber-cement pastes 
exhibited a slightly higher (or more negative) autogenous strain than cement paste, 
indicating either greater shrinkage or perhaps less bleeding during this period [109]. Over 
time, the rates of the shrinkage of the fiber-cement paste specimens were lower than that 
of the cement paste at w/c of 0.30. This indicates that the fibers, also in a paste with w/c 
of 0.30, released water into the hydrating cement and reduced self-desiccation.  
At about 28 days, the fiber-cement pastes exhibited autogenous strain of -652.05 
± 14.73 µε, -652.58 ± 28.25 µε, -791.52 ± 19.84 µε, -809.09 ± 16.85 µε, and -740.81 ± 
36.88 µε for the USF, BSF, SCF, UKF, and BKF, respectively, whereas cement paste at 
w/c of 0.30 underwent autogenous strain of about -867.77 ± 12.96 µε. Examining the 
absolute deformation at 2 days shows that both kraft fibers and SCF, containing the same 
amount of entrained water as soda fibers, did not exhibit effective shrinkage reduction 
compared to the control paste (at w/c of 0.30). This can be taken to imply that reaching 
desirable internal curing efficiency requires higher dosage rates of the kraft fibers and 
SCF. It is also interesting in Figure 4.7 to note that the effectiveness of BKF to mitigate 
autogenous shrinkage decreases with time, suggesting that entrained water was perhaps 
released too early with this fiber. 
Overall, these results show that of the treatments of eucalyptus camaldulensis 
examined here, both types of soda fibers with the lowest k values of 1 were most 
effective at limiting autogenous shrinkage, with a ~25% reduction in autogenous 
73 
 
shrinkage. Also, both of these internally cured pastes showed similar shrinkage 
deformation to the control cement paste at w/c of 0.32, as shown in Figure 4.8.  
 
Figure 4.7 – Autogenous deformation of the cement paste compared with that of the 






Figure 4.8 – Autogenous deformation of the cement pastes (w/c = 0.30, 0.31 and 0.32) 
compared with that of USF and BSF cement pastes at 0.01 of we/c. 
 
When the dosage of kraft fibers and SCF was increased to a 1% dry mass fraction, 
corresponding to 0.02 and 0.015 of we/c, respectively, SCF at a greater entrained water 
capacity did not exhibit any enhancement in autogenous deformation, indicating that SCF 
is not effective for internal curing. However, kraft fibers, both UKF and BKF, exhibited 
behavior similar to that of soda fibers, at the lower we/c as shown in Figure 4.9. Since 
soda fibers and kraft fibers-cement pastes underwent similar autogenous deformation at 
equivalent fiber dosage rate (1% of dry fiber mass), the mechanical effect of fibers, i.e. 
internal restraint, could affect the autogenous deformation of the paste. Therefore, to 
study the effect of the addition of fiber on the internal restraint, the autogenous shrinkage 
of polypropylene (PP) fiber-cement paste, where the fiber length and diameter closely 
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approximate that of the pulp fibers but without internal curing capacity, was measured. 
As shown in Figure 4.9, at 28 days the PP fiber-cement paste underwent autogenous 
strain of -862±60 µε and exhibited no shrinkage reduction compared to the control during 
the entire test period. These results suggest that the inclusion of short fibers does not 
provide substantial internal restraint to autogenous shrinkage. Although it should be 
noted that the elastic modulus of wood single-fiber in a dry state is one order of 
magnitude greater than that of PP fiber, the elastic modulus of wood single-fiber in a wet 
state is also one order of magnitude lower than that in a dry state [110]. Therefore, given 
that the longitudinal modulus of eucalyptus kraft in a dry state is approximately 35 GPa 
[20], the modulus of eucalyptus fibers in a saturated state, as they would be when added 
to mix water and in cement paste at very early ages, would be only about 3.5 GPa. The 
modulus of the pulp fiber, then, is close to that of the PP fiber used for comparison. (The 
elastic modulus of individual wood fibers in a dry state varies from 10 to 50 GPa [111], 
while that of Grace MicrofiberTM is 3.5 GPa.). This finding corresponds with a prior 
study which examined the efficiency of wood-derived powders and fibers for internal 
curing [9]. That study found that both short fibers and cellulose powder-cement pastes 
exhibited similar autogenous behaviors, thus they concluded that the addition of short 
fibers (less than 1.0 mm in length) does not provide any mechanical restraint to early age 




Figure 4.9 – Autogenous deformation of the cement paste compared with that of fiber-
cement pastes at a 1% mass fraction of dry fiber. 
 
Among the five fibers examined, both at the same nominal amount of entrained 
water and dry fiber mass percent, SCF was the least effective for internal curing and it is 
the only fiber subject to mechanical processing. Therefore, before discussing these results 
in light of the data regarding the composition and the morphology of the various fibers, it 
is worth examining the SCF case specifically. First, at we/c = 0.01, SCF-cement paste 
underwent a mere 8% reduction in autogenous shrinkage compared to control cement 
paste of w/c = 0.30. Second, the increasing dosage rate of SCF fiber to 1% dry mass 
fraction (we/c = 0.015) did not enhance any reduction in autogenous deformation. These 
behaviors were not expected, given that the SCF had the highest HR water content and a 
higher k than the soda fibers (which was more effective as an internal curing agent, as 
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noted previously). The relative ineffectiveness of the SCF can be attributed to fiber 
bundling (or poor dispersion). Fiber bundling in SCF is related to the method of fiber 
processing. Since its processing is limited to partial delignification and defiberization, 
SCF contains fiber bundles, illustrated in Figure 4.10a. Therefore, it is likely that the 
fibers could not be adequately dispersed. Therefore, entrained water absorbed by fibers 
was less likely to be well-distributed in SCF-cement paste. The correlation between 
dispersion and internal curing performance was also reported in prior studies [11, 33, 36, 
112]. In addition to fiber bundling, the mechanical treatment in the semi-chemical 
pulping process leads to fiber fracture, shown in Figure 4.10b. This is also reflected in the 













Figure 4.10 – SEM cross-sectional images of SCF of a) fiber bundles and b) fiber fracture 





Figure 4.10 – SEM cross-sectional images of SCF of a) fiber bundles and b) fiber fracture 
compared to c) a SEM cross-sectional image of USF. (Continued) 
 
 
Figure 4.11 – Frequency distribution of percent fines content of SCF and USF observed 
by using FQA. 
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Considering in more detail the effects of fiber chemical composition and 
morphology, unbleached and bleached fibers from the same papermaking process, but 
having different ratios of cellulose-to-hemicellulose, exhibited almost the same internal 
curing behaviors (i.e. autogenous shrinkage behaviors and adsorption capacities). In 
contrast, the internal curing behaviors of fibers from different paper making processes 
such as USF and UKF (also BSF and BKF), having similar ratios of cellulose-to-
hemicellulose, were dissimilar. Together, these observations suggest that the cellulose-to-
hemicellulose ratio did not significantly affect the internal curing capacity of the fibers. 
Although hemicellulose is the most hydrophilic constituent in wood fibers, variations in 
hemicellulose content could result in several and sometimes competing effects. On one 
hand, due to its open structure that contains many hydroxyl and acetyl groups, 
hemicellulose can bind relatively large amounts of water. Therefore, high water 
absorption is expected in fibers having high hemicellulose content. On the other hand, the 
removal of hemicellulose results in greater fiber cell wall porosity, increasing the amount 
of both mesopores and macropores. Thus, an increase in the absorption of water into 
fibers can also be expected as the hemicellulose content decreases [47]. (However, the 
removal of hemicellulose may enable greater moisture binding by the remaining 
cellulose. Rowell and Stout [113]  state that not only hemicellulose but also accessible 
cellulose, both non-crystalline and the surfaces of crystalline cellulose, is crucial in 
moisture sorption.) The increased porosity in the cell wall may be expected to influence 
the rate of moisture ingress from the lumen through the cell wall. 
From the results in Figure 4.7, both soda fibers (USF and BSF), were more 
effective in mitigating autogenous shrinkage. Averaging the data from unbleached and 
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bleached fibers (i.e., neglecting chemical composition), reductions in autogenous 
shrinkage of nearly 25% for the soda fibers and 7% for the kraft fibers were found 
compared to ordinary paste (at w/c of 0.30). These findings imply that the internal curing 
efficiency of these eucalyptus fibers could be related more strongly to their physical 
morphology than variations in chemical composition of fibers. However, it should be 
recognized that changes in chemical composition imparted through fiber processing can 
influence physical structure. That is, the removal of hemicellulose and lignin through 
pulping can increase cell wall porosity, which can alter the rate of moisture transport 
from the lumen and cell wall to the surrounding cement pastes.  
Here, taking all of the data on chemical composition and morphology into 
account, it is proposed that the relatively better performance of the soda fibers results 
from their morphology. Their greater cell wall thickness is thought to contribute to their 
higher HR water content than kraft fibers. Therefore, the soda fibers are believed to 
release their entrained water into the hydrating cement during the early hydration period 
at a slower rate than the kraft fibers. Making entrained water available at a slightly later 
age is believed to improve the efficacy of hardwood fibers for internal curing.  
This mechanism differs from that generally accepted for saturated lightweight 
aggregates and SAPs in which higher water desorption rates are believed to be more 
favorable [42, 114]. However, since hardwood fibers are significantly smaller than 
lightweight aggregates and since they are added at higher dosages than SAPs*, entrained 
water from well-dispersed pulp fibers is more readily available to surrounding volumes of 
hydrating cement. Another way of envisioning this is to imagine entrained water 
* For internal curing application, at the same we/c, due to the lower k of pulp fibers, the dosage rate of fibers 
is higher than that of SAPs by about one order of magnitude.  
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diffusing from internal curing sources to the surrounding pastes. In the case of pulp 
fibers, due to their small size (high surface area-to-volume ratio) and relatively large 
number, the entrained water will be made available relatively rapidly to the surrounding 
paste. Therefore, for the hardwood fibers examined here, it is proposed that the rates of 
water release from a fiber with lower HR water content might be too fast to mitigate self-
desiccation, as demonstrated by data for the BKF-cement paste (Figure 4.7).  
And, one study on SAPs comes to a similar finding: Schrofl et al. [115] reports 
that the SAPs that showed slow release of pore solution to the hydrating paste are more 
effective in mitigating autogenous shrinkage than others SAPs that desorbed pore 
solution too early. 
4.4 Conclusions 
Results from an evaluation of the eucalyptus fiber properties and a comparison 
with the autogenous shrinkage experimental results show a correlation between the 
composition and morphology of these hardwood fibers and their internal curing 
capacity, with the following conclusions: 
• Soda fibers, with their thicker cells walls which are correlated with their 
higher  HR water content, exhibited better autogenous shrinkage mitigation 
than kraft fibers, even though their absorption capacity, k, was lower than 
kraft fibers. 
• These results demonstrate that a slower rate of moisture release during early 
hydration, as indicated by HR water content, is preferable for internal curing 
with eucalyptus pulps. These results suggest that thicker cell walled fibers 
hold greater promise as internal curing agents.  
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• HR water content is a meaningful parameter for the assessment of pulp fibers 
as internal curing agents.  
• In contrast to soda fibers, SCF fiber, despite its high HR water content, was 
not effective as an internal curing agent because of its unsuitable physical 
morphology (i.e., open lumens) and poor dispersability, indicating that the 
physical morphology of fibers and fiber dispersion should also be taken into 
account. 
• Comparing between the effects of fiber’s chemical composition and 
morphology, results indicate that the internal curing efficiency of eucalyptus 
fibers is related more strongly to their physical morphology than variations in 
chemical composition. However, further studies on lignin-rich fibers are 
needed to verify these findings across a wider range of fiber compositions.  
 
Overall, these findings indicate the need for further studies on a wider range of 
fibers and comparisons of fibers to SAPs and LWAs. Such studies would examine 
whether thicker-walled cells in pulp fibers, especially fibers with greater HR water and 





THE EARLY-AGE INTERACTION BETWEEN EUCALYPTUS 
PULPS AND CEMENTS: THE KEY MECHANISMS 





 Since the concept of using internal curing in high performance concrete has been 
developed over the past decade, the mechanisms of common absorptive materials – LWA 
and SAP – for internal curing are relatively understood. That is, the mechanisms 
controlling the internal curing capacity for LWA are combinations of capillary suction, 
vapor diffusion, and capillary condensation  [29, 42],  while those of SAP are 
combinations of the swelling ratio, ion filtration, and the inter-particle spacing of the SAP 
[40, 42, 44]. However, unlike LWA and SAP, the information pertaining to the 
mechanisms controlling internal curing capacity of wood fiber is rather limited. Because 
the properties, both physical and chemical, of wood fiber are complex and vary by fiber 
source and processing, understanding the mechanisms which most significantly influence 
internal curing has been challenging to determine. 
 Because the pore solution of cement is not pure water but rather an aqueous 
solution containing a variety of ionic species, the behaviors of wood pulps in a pore 
solution are more complicated than that in pure water.  Pore solution ions can either swell 
or shrink the cell wall of pulp, changing the effective size of pore space [49-51], and thus 
affect the diffusion in the cell wall. Pulp can also act as a semi-permeable membrane 
[52]. Therefore, during the hydration reaction of cement, changes in the concentration of 
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the counter-ions in cement pore solution can create osmotic pressure affecting the 
absorption of water through osmosis. These interrelated mechanisms – capillary, 
diffusion, and osmosis – influence the transition of water from wood pulp fibers to the 
surrounding hydrating cement paste, affecting their internal curing performance.  
  Moreover, the surface area of eucalyptus pulp is high compared to other fillers 
added to cementitious materials. For example, while the surface area of bleached 
eucalyptus pulp (once dried) is about 60-100 m2/g [116], that of the limestone filler at an 
average particle size of 0.7 µm and titanium dioxide with an agglomerate size of 0.58 µm 
are about 12 m2/g and 35-65 m2/g, respectively [117].   These two fillers can provide 
nucleation sites for hydrating cement and thus increase the early-hydration reaction. 
Therefore, the surface of eucalyptus pulp may also serve as nucleation sites for hydration 
products. Based on earlier results (see section 2.4.), it was found that the chemical 
shrinkage of eucalyptus-fiber cement pastes, shown in Figure 2.4, are slightly higher than 
that of plain cement paste. These findings suggest some complexities in early hydration 
behavior that are not captured by isothermal calorimetry. Although such complexities 
could have resulted from some surface nucleation or an osmotic effect related to 
differences in the concentration of the solution in both capillary pores and the fiber 
lumen, a more thorough examination would clarify this behavior. 
Although the effects of wood pulps on the long-term performance of pulp-cement 
composites have been thoroughly studied [5, 118-120], the effects of wood pulp on early 
hydration reactions are not yet understood. There is also no evidence to support that 
conclusions based on softwood pulp would be applicable to hardwood pulp such as 
eucalyptus.  This lack of fundamental understanding is one obstacle to optimizing and 
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tailoring the post-processing methods of such pulp to enhance the behavior of fiber-
composite materials, such as internal curing efficiency. To clarify the underlying 
mechanisms of early-age interactions between eucalyptus pulps and cements, this 
chapter’s aims are: 1) to investigate the migration of entrained water from eucalyptus 
pulps to hydrating cement paste and 2) to examine the chemical mechanisms underlying 
the evolving interactions between eucalyptus pulp and cement. This chapter focuses on 
such interactions, particularly at early ages, which remain relatively unexplored.  
5.2 Migration of Entrained Water from Eucalyptus Pulp to Hydrating Cement 
Paste Characterized by Using Low-Field 1H NMR 
The underlying mechanical and chemical properties of fibers which affect the 
transition of water, including underlying mechanisms and the time and rate at which it 
occurs, are important for identifying and tailoring fibers for internal curing applications. 
However, compared to numerous studies on the net effect of internal curing or shrinkage 
behavior of cementitious composites, research in the area of internal curing mechanisms 
is rather limited largely because of the challenges in studying these processes in situ. 
Several techniques such as X-ray absorption, X-ray microtomography, and nuclear 
magnetic resonance have been used monitor the movement of water from internal curing 
agents to hydrated cement pastes and mortar [67, 121-126], bringing insight into the 
transition of entrained water. Those studies found that the transition of entrained water 
from the internal curing agents (i.e. LWA, hydrogels of polysaccharide, and SAP) to the 
paste mainly occurs during the early hydration reaction period, either within the  
acceleratory period [67, 122, 123], within the first 24 h of hydration [121, 125], or within 
3 days [124, 126]. However, none of these studies have investigated wood pulps as 
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internal curing agents.  Moreover, beside its effects on compressive strength and salt 
scaling resistance, the effectiveness of hydrogels of polysaccharide, which releases 
internal curing water within the acceleratory period, to mitigate autogenous shrinkage has 
not been reported.  
Among methods that have been used to monitor the transport of entrained water, 
low-field 1H NMR relaxometry is most convenient because the sample preparation is 
simple. Although NMR observations of solid materials are more difficult than those of 
soft materials because of their relatively short relaxation times, several studies have 
successfully applied NMR to monitor the internal curing mechanisms of LWA and 
polymer gel (alginate) and SAP [67, 122, 123, 126]. Recently, Cheumani et al. [46] 
investigated wood-cement interaction taking place in wood-cement composites during 
hydration by using low-field 1H, but their work did not account for internal curing and the 
samples examined contained  ground wood powder, not wood pulp. These initial studies 
do suggest the potential for 1H NMR to provide new insights into the transport of water 
during internal curing in wood-fiber cementitious composites. 
5.2.1 Materials and Methods 
To investigate the mobility of water molecules and the water depletion of internal 
curing water in wood pulp-cement pastes, change in NMR signals – spin-spin relaxation 
times (T2) and spin-lattice relaxation times (T1) – of cement pastes are monitored at early 
ages. Results from internally cured cement pastes are compared to that of companion 
ordinary pastes. For comparison, isothermal calorimetry and magnetic resonance imaging 
(MRI) were performed on companion samples to provide complementary data regarding 
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reaction kinetics and water distribution, respectively, also at early ages (from mixing to 
25 h of hydration).  
5.2.1.1 Materials 
Necessitated by the requirement for MRI, an ASTM C150 Type I white cement 
(Lehigh White Cement), was used in this study. In addition, to eliminate bleeding and to 
exacerbate autogenous shrinkage, metakaolin (Thiele Kaolin Sandersville, Georgia, 
USA) was used at 3% replacement for cement by mass. Table 5.1 provides their 
compositions, based upon oxide analysis obtained by X-ray fluorescence (XRF, Bruker 
AXS S8 Tiger) spectrometry and upon crystalline phase composition obtained by 
quantitative X-ray diffraction analysis (QXRD, Bruker AXS D4 Endeavor) with the 
Rietveld method using TOPAS software. The percentage of amorphous content in 
metakaolin was approximately 96%.  
Table 5.1 – Oxide composition of white cement and metakaolin and crystalline phase 










SiO2 23.65 51.26 alite 68 
Al2O3 2.09 44.43 belite 16.7 
Fe2O3 0.38 0.41 aluminate 3.5 
CaO 67.56 0.04 ferrite 0.1 
MgO 0.80 0.16 lime 0.1 
SO3 2.10 0.05 portlandite 1.6 
Na2O 0.18 0.41 periclase 0.3 
K2O 0.04 0.09 arcanite 0.9 
TiO2 0.07 1.87 aphthitalite 0.2 
P2O5 0.36 0.07 bassanite 1.5 
MnO 0.02 0.07 anhydrite 2.1 
SrO 0.12 0.01 ye’elimite 0.5 
LOI 2.62 0.96 calcite 4.2 
Insoluble 
residue 0.40 N/A  
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Wood pulps used in this study were conventional unrefined unbleached 
Eucalyptus camaldulensis (or River Red gum) pulps collected from commercially soda 
pulping (USF) and kraft pulping (UKF) processes in Southeast Asia. While the moisture 
content (dry basis) of USF was 245%, that of the UKF was 370%. Both pulps were 
chemically treated. Therefore, they were high in cellulose and low in lignin. The kappa 
numbers of USF and UKF were 14.6 and 25, which give the total residual lignin contents 
of 2.23 and 3.82 percent, respectively. For the NMR measurement of wood pulp samples, 
the never-dried pulps were dried at 23±1oC in a chamber containing saturated 
K2CO3.2H2O salt solution (approximately 43% RH) and sampled for the measurement of 
T2 relaxation at various drying times. To evaluate the moisture content of the pulps, 
immediately after the NMR experiments, pulps were dried at 105±1oC in an oven for 24 
hours to a constant weight.  
Table 5.2 presents the mixing proportion of control and pulp-cementitious paste 
samples evaluated in this study. Two control cementitious pastes were evaluated. One of 
which had water-to-cementitious materials ratio (w/cm) of 0.30, the other of which had 
w/cm of 0.34. The w/cm 0.30 paste corresponded to the basic w/cm of internally cured 
pulp-cement pastes while the w/cm 0.34 paste accounted for entrained water-to-
cementitious materials ratio (we/cm). Therefore, the cementitious paste at w/cm of 0.34 
had the same “total” amount of water available for a hydrating cementitious matrix (i.e., 
w/cm + we/cm) as internally cured pulp-cementitious pastes (i.e., 1% USF and 0.8% 
UKF-cementitious pastes).  
Samples were mixed at room temperature (23±1oC). Fiber cementitious pastes 
were prepared by mixing the fiber with deionized water for a minute with a hand mixer; 
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subsequently, cement and metakaolin were added and mixing continued for another three 
minutes. Samples were then placed in the NMR tubes or calorimeter ampoule, sealed, and 
then transferred to the testing condition (30±1oC) at 30 min of hydration.  
Table 5.2 – Composition of ordinary cementitious and fiber-cementitious pastes for heat 
of hydration and NMR measurements. 
 











White cement (g) 97 97 97 97 97 
Metakaolin (g) 3 3 3 3 3 
Water (g) 30 34 31.55 33.10 31.04 
Moisture content of 
fiber 
(MC, %) 
- - 245 245 370 
As-received fiber (g) - - 3.45 6.90 3.76 
Water-to-cementitious 




- - 0.04 0.08 0.04 
ADVA455 (ml) 0.5 0.5 0.5 0.5 0.5 
 
5.2.1.2 Heat of Hydration/Isothermal Calorimetry 
Maintaining a consistent w/cm, particularly for fiber-cementitious pastes, requires 
that the amount of internal curing water available to the paste be accounted for during 
mixture proportioning. Therefore, the amounts of “entrained water” (e.g., water available 
for internal curing), which depend on the amounts of wood pulps in the paste as well as 
the intrinsic properties of these agents and the cementitious materials used [40, 44, 127], 
were quantified using the method suggested by [97] and the mix water masses adjusted 
accordingly. Same mixing procedure described in section 4.2, the heat of hydration of 
fiber-cementitious pastes was measured by isothermal calorimeter (TAM Air, 
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Thermometric AB) for 24 hours. The cumulative heat of hydration of fiber-cementitious 
paste was compared with that of the control cementitious pastes.  The absorption capacity 
of USF was determined to be 4 while that of UKF was 5. Since the high efficiency 
polycarboxylate-based superplasticizer, ADVA455 (WR Grace), was added to enhance 
the workability of the fiber-containing pastes, the same amount was also added in each of 
the companion samples (5µL per gram of cementitious materials).  
As companion to NMR measurements, the early hydration reaction of the pastes 
at 30 ±1oC was monitored. The compositions of the control and fiber-cement paste 
samples for heat of hydration measurements at 30 ±1oC are listed in Table 5.2. About 3-4 
grams of paste was added to the ampoule, sealed, and placed in the calorimeter at 30 min.  
5.2.1.3 Magnetic Resonance Imaging (MRI) 
The distribution of evaporable water after setting was observed by MRI Scanner 
(Bruker PhamaScan®) equipped with a 7-T, 38 mm rf coil, and 90 mm horizontal-bore 
superconducting magnet. The series of 2D (64 x 64) images of cement paste samples – 
w/cm 0.30, w/cm 0.34, and 1% USF cementitious pastes – were taken by using single 
point imaging (SPI) method with the phase encoding time tp of 119 µs, the repetition time 
TR of 10 ms, and a field of view (FOV) of 40 x 40 mm. The resolution of image was 625 
x 625 µm/voxel. The tp and TR were selected to yield a high resolution image [70]. The 
value of tp was longer than the T2 of solid phases (~20µs) and the `T2 of interlayer water 
(~100µs). Thus, only gel water and capillary water were detected. 
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Figure 5.1 – The Bruker PhamaScan® and a sample holder for MRI measurements. 
 
5.2.1.4 Low-field NMR Measurements 
1H NMR measurements were performed at resonance frequency of 23 MHz using 
low NMR field (MARAN Ultra 23) with a 25 mm radiofrequency (rf) probe operated at 
30±1oC. The changes in 1H NMR relaxations of cement pastes with and without internal 
curing agent at early ages were monitored by repeated T2 and T1 relaxation experiments 
at 2 h time intervals from 1 h to 25 h of hydration. About 15 g of sample was filled into a 
20 mm diameter NMR tube. Then, the sample tube was sealed to prevent the evaporation 





                 
Figure 5.2 – The MARAN Ultra 23 and a sample holder for NMR measurements. 
 
Spin-spin T2 relaxation experiments were performed using the Carr-Purcell-
Meiboom-Gill (CPMG) pulse sequence, 90ox – (τ – 180oy – τ) n, as shown in Figure 5.3. 
The experiment parameters were followed the procedure demonstrated in [46], in which 
the number of echoes (π pulses) was 600 and the inter-echo time (TE) was 200 µs. The 
length of the π/2 and π pulses was 6.1 and 12.2 µs, respectively. Since the solid-phase 
protons have short T2 relaxation times of about 20 µs, at this TE length, the CPMG 
measurement detected only the 1H NMR signal of liquid-phase protons in pulps, cement 
pastes and pulp-cement pastes.  
To allow the nuclear spins to relax to equilibrium between each scan, a repetition 
delay time (RD) was set at 5 s. The 256 successive CPMG relaxation measurements were 
added together to improve the signal-to-noise ratio. For heterogeneous materials such as 
cement paste, the resulting relaxation is characterized by a multi-exponential decay, which 




 𝑋𝑋(𝑡𝑡𝑖𝑖) = �𝐴𝐴(𝑇𝑇𝑘𝑘)exp (−
𝑡𝑡𝑖𝑖
𝑇𝑇𝑘𝑘𝑘𝑘
) + 𝜀𝜀𝑖𝑖 Eq. 5.1 
Where Tk and A(Tk) correspond respectively to the relaxation times and the 
relaxation time distribution of the system having the noise of the signal represented by ε. 
The recorded transverse magnetization decays were analyzed with an inverse Laplace 
transformation program (provided by P. Callaghan, Victoria University of Wellington, 
New Zealand), which employs the regularized non-negative least square fit for the 
determination of the T2 distribution.   
The spin-lattice relaxation (T1) was determined by using an inversion recovery 
pulse sequence.  Decays comprised 20 echoes logarithmically distributed from 50 µs to 
100 ms.  The resulting T1 data were collected from 16 scans and were analyzed with a 
regularized ILT using Winfit software (Bruker) that decomposes the T1 distribution to the 
discrete distributions of spin-lattice relaxation times.  
 
Figure 5.3 – The schematic representation of the Carr-Purcell-Gill-Meiboom multiple 
spin-echo pulse sequence and the inversion recovery pulse sequence for determining of 





 For a thorough clarification of the transport of entrained water from eucalyptus 
pulp to hydrating cementitious paste, several techniques – calorimetry, MRI, and NMR – 
were employed to characterize the behavior of eucalyptus pulps, cementitious pastes, and 
pulp-cementitious pastes. First, as companion to NMR measurements, the isothermal 
calorimetry was used to observe the early hydration reaction of the pastes. Then, MRI 
was used for the preliminary in situ comparison of water consumption among samples 
with and without eucalyptus pulp as internal curing agent (i.e., w/cm 0.30, 1% USF, and 
w/cm 0.34). Finally, the NMR measurement of T2 relaxation on eucalyptus pulps and 
cementitious pastes provided a comprehensive demonstration of the transition of water 
from eucalyptus pulps to a hydrating cementitious matrix. By cross-referencing NMR 
results to the conventional calorimetry test results, details on water depletion resulting 
from hydration processes were revealed.   
5.2.2.1 Early Hydration Reaction of Fiber-Cementitious Pastes  
Figures 5.4 and 5.5 present the early hydration curves of cementitious paste 
samples. All results were normalized per g of cementitious materials. Each curve 
presented in Figures 5.4 and 5.5 represents the average of data of three replicates for each 
sample.  Because of the external mixing, the system did not capture the initial heat peak 
associated with the induction period. From the figures, while overall hydration is not 
significantly suppressed, compared to the w/cm 0.30 cementitious paste the addition of 
eucalyptus pulps slightly delays the setting. However, the extent of the delay is similar to 
that noticed when increasing the water content, as seen in the w/cm 0.34 cementitious 
paste. At very early ages (<23 hours), eucalyptus pulps-cementitious pastes exhibited 
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lower heat release than that of w/cm 0.30 cementitious paste. However, the cumulative 
curves of USF-and UKF-cementitious pastes were higher than that of w/cm 0.30 
cementitious paste at later ages (i.e., beginning at approximately 23-24 hours and 28 
hours for cementitious pastes with we/cm of 0.04 and 0.08, respectively). Similar 
behavior was reported in cases for SAP and LWA internal curing agents [30, 37], in 
which, at approximately 24 hours, both LWA and SAP also yield higher cumulative heat 
release than the control paste. This perhaps indicates the additional hydration reaction 
associated with entrained water, which is available for further hydration.  
Considering the early-age interaction between eucalyptus pulps and cement, from 
Figure 5.4, a small retardation of the main peak of USF- and UKF-cementitious pastes 
could result from the absorption of alkali ions, particularly Ca2+ in a white cementitious 
matrix, which dilutes the initial Ca2+ concentration in the pore solution, delaying the 
precipitation in the pore space [128]. Moreover, the height of the main peaks of both 
USF- and UKF-cementitious pastes are slightly higher than that of w/cm 0.30 and w/cm 
0.34 pastes indicating greater reaction, which is perhaps facilitated by nucleation on the 
surface of eucalyptus pulps. From [128], it was reported that wood pulp fibers exchange 
ions with cement pore solution through their cell wall and some apparently crystalline 
products have been noted to nucleate on their surface at early ages. While these 
interactions depend on the cement and fibers combined, those prior findings do agree 
with the results here suggesting that internal curing with pulp fibers can enhance early 
hydration. (More details on sorption are in section 5.3.)  
The effects of ion exchange capacity of SAP on hydration reaction, particularly 
on the induction period, have also been reported in [37]. Since SAP also exchanges its 
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ions with cement pore solution [44], it tends to lengthen the induction period of the SAP-
cement paste as compared to the reference paste, but not as much as the paste with only 
water added. The same behavior is observed in this study, as the main peaks of USF- and 
UKF-cement pastes both with we/cm of 0.04 occurs between that for w/cm 0.30 and 
w/cm 0.34 cement pastes indicating that the desorption kinetics of wood pulps, or 
eucalyptus pulps, are similar to that observed in SAP. Therefore, the water held in both 
internal curing agents may gradually release when pores in the cement paste are emptied 
by self-desiccation [129].    
 
Figure 5.4 – Rate of heat evolution of fiber-cementitious pastes compared with that of 




Figure 5.5 – Cumulative heat evolved of fiber-cementitious pastes compared with that of 
plain cementitious pastes at w/cm 0.30 and 0.34. 
 
5.2.2.2 Magnetic Resonance Imaging (MRI)  
To preliminarily observe the water depletion of internal curing cement paste, this 
study employed the SPI phase encoding technique to visualize the distribution of 
evaporable water (i.e. gel water and capillary water) in cementitious pastes, with and 
without internal curing agents, after setting. Figure 5.6 presents series of axial MRI slices 
at various hydration times. Since MRI is a water probe, the bright area in images 




Figure 5.6 – Axial MRI slices of 1% USF-fiber cement pastes compared to that of the 
control cement pastes at various hydration times. 
Time after mixing w/cm 0.30 1%USF w/cm 0.34 
7h 
   
13h 
   
24h (1D) 
   
168h (7D) 
   
672h (28D) 
   
 
In the sealed condition, the amount of evaporable water decreases only due to the 
hydration reaction, as confirmed in [130]. Figure 5.7 present the change in MRI signal 
intensity of cementitious pastes. The signal was normalized by the intensity of each 
sample after setting (at 7 hours from mixing).  From the figure, the rate of signal intensity 
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loss is highest at early ages or after setting up to 25 h of hydration. The w/cm 0.30 
cementitious paste exhibited the highest loss of signal, which could result from both the 
hydration reaction and self-desiccation process. In case of the 1% USF-cementitious 
paste, the rate of its signal loss was similar to that of w/cm 0.34 cementitious paste. 
However, from 13hours to 240hours, the signal intensity of 1% USF-cementitious paste 
began to exhibit a higher rate of signal loss than that of w/cm 0.34 cementitious paste, 
which may demonstrate the migration of water from wood pulp into the hydrating 
cementitious matrix. After 240 hours, the signal of all samples becomes almost the same 
values.  
  
Figure 5.7 – Normalized evaporable water signal of 1% USF-cement paste compared to 




5.2.2.3 Dynamics of Water and Change in NMR Relaxation of Wood Pulp 
Based on MRI measurements, from both Figures 5.6 and 5.7, as the intensity of 
w/cm 0.30 cementitious paste dissipated faster than that of 1%USF and w/cm 0.34 
cementitious pastes, which confirms that the water held in eucalyptus pulp was gradually 
released as pores in the cementitious paste were emptied by self-desiccation.  This section 
and beyond describe the migration of entrained water from wood pulps to hydrating 
cementitious paste, which was observed by NMR measurements. In addition, the key 
mechanisms that affect internal curing efficiency of eucalyptus pulps are proposed. 
Figures 5.8 and 5.9 show the distribution of the T2 relaxation of USF and UKF 
samples at various moisture contents. On an oven-dried basis, the initial or as-received 
moisture contents of USF and UKF were 245% and 370%, respectively. With 
environmental exposures to induce various degrees of drying (see section 5.2.1.1.), 
moisture contents (MCs) of 245%, 175%, 66%, 31%, and 5.5% were ultimately achieved 
for the USF and 370%, 268%, 154%, 42%, and 20% for the UKF. 
 Shown in Figure 5.9, the NMR signal of never-dried USF and UKF exhibited two 
peaks at about 1.9-3.4 ms and 4.9-76.33 ms. As reported in [46, 131], the T2 at 0.8-1.4 
ms, 4.1-6.9 ms, and 19.9-43.7 ms have been assigned to bound water absorbed in the cell 
wall, free water in the small pores and free water in the cell lumens, respectively. 
Therefore, in Figures 5.8 and 5.9, the first peak corresponded to bound water and the later 
peak ascribed to water held in small cell wall pores and free water in the fiber lumen.  
When pulps were dried, the distribution of T2 shifted toward the lower value and 
the proton concentration reduced, which indicates the loss of free water in the small pores 
and the fiber lumen, as shown in Figure 5.9. The figure clearly shows the sequence of 
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drying: that is, the removal of free water in the lumen, the removal of free water in the 
small pores, and the removal of bound water, as also suggested in [132].  
It is proposed that this behavior is mainly controlled by capillary draw and water 
vapor diffusion, both resulting from a gradient in relative humidity (i.e., higher moisture 
content within the fiber than in the surrounding self-desiccating cementitious paste). 
Moreover, since pulps used in this study were never dried, the structure of their cell wall 
changed while they were losing water during drying.  Typically, when drying, the fiber 
shrinks, lumen collapses, and pores close. These alterations confine the water in the fiber 
lumen, in the cell wall pores, and in the cell wall, and since the fluid in a confined space 
undergoes NMR relaxation at a faster rate than the bulk fluid [61], the NMR relaxation 
time reduces. Shown in Figure 5.8, when the USF pulp underwent drying from 245% MC 
to 5.5% MC, while the proton concentration of T2 relaxation of the high T2 was 
decreasing, that of the low T2 was increasing; this suggests that the fiber cell wall 
collapsed resulting in more tightly bound water in the cell wall. Another possible 
explanation has been suggested [131]: that is, when the water content decreases, capillary 
action and water vapor produce a water layer on the surface of the lumen which does not 
exchange with the cell free water and consequently relaxes with a T2 similar to that of the 
cell wall water and thus increases the amount of water associated with the fast T2 region.  
Figure 5.9 compares the distribution of T2 relaxation for the two pulp types, at 
similar moisture contents. Typically, a sample which has thicker cell wall and smaller 
cell diameter should have higher T2 population in short region than a sample that has 
thinner cell wall and larger cell diameter [131]. However, in this study, both USF and 
UKF exhibited almost identical T2 distribution with only slight difference in proton 
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intensity, mainly due to the fact that both USF and UKF were produced from the same 
wood species, Eucalyptus camaldulensis. Therefore, even though they were produced by 
different pulping processes, their alterations in the morphology and the chemical 
compositions that affect the distribution of T2 relaxation were not detectable in NMR 




Figure 5.8 – Distribution of transverse relaxation time (T2) of USF samples at different 





Figure 5.9 – Distribution of transverse relaxation time (T2) of USF samples compared to 
UKF samples at similar moisture content (dry basis). 
 
5.2.2.4 Change in NMR Relaxation in Hydrating Cementitious Pastes 
Figure 5.10 presents the development of the multi-component T2 distribution of 
1% USF-cementitious paste sample, as well as companion ordinary cementitious paste 
(i.e., w/cm 0.30) over the early hydration period. As previously noted, the short 
relaxation times correspond to confined water and long relaxation times correspond to 
bulk water. Examining the ordinary cementitious paste first, at a few hours of hydration 
(i.e. from 1 hour to ~5 hours), the distribution of T2 relaxation exhibited 3 peaks with the 
values of approximately 0.5 ms, 4-5 ms, and 400-500 ms. It is proposed that these may be 
assigned to bound water on the cement grain surfaces and free water that is held on 
cement grains by capillary tension (T2 ~ 0.5 ms), bulk water (T2 ~ 4-5 ms), and bleeding 
water (T2 ~ 400-500 ms), respectively. 
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Since at the very early stage of hydration (i.e., after mixing up to before setting), 
only a relatively small fraction of the overall hydration of cementitious materials takes 
place, the reductions in capillary pore sizes are overwhelmed by the pore size reductions 
due to setting and local particle rearrangement. Therefore, the microstructure of 
cementitious paste is likely to be a suspension of rigid particles in solution with local 
agglomeration of connecting particles [133, 134]. Thus, unlike more mature cementitious 
paste that appears in the fast-diffusion or “surface-limited” regime [61], the NMR 
relaxation of very early age cementitious paste may appear in the slow-diffusion regime 
or “diffusion-limited” regime which is the characteristic of larger pores. In the slow-
diffusion regime, the rate of relaxation at the surface is significantly shorter than the time 
taken for the molecules to diffuse in center of pores. Therefore, the magnetization decay 
has a multi-exponential character due to the substantial contribution of the surface-bound 
water.  Moreover, due to the high specific surface area and porosity of metakaolin 
particles in these pastes, a significant amount of water may be absorbed into their 
porosity or adsorbed on their surface contributing to the short T2 component (at T2 ~ 0.5 
ms).  
In addition, comparing the short T2 component of w/cm 0.30 cementitious paste 
with that of 1% USF cementitious paste, the proton concentration of the 1% USF-cement 
paste sample was slightly higher than that of the w/cm 0.30 paste sample suggesting 
some contributions of bound water in eucalyptus pulp in this T2 region. While the 
majority of the T2 component within a few hours after mixing were found in the 
intermediate T2 region (~ 4-5 ms), a minor T2 component appeared in the much longer T2 
region (~ hundreds of ms). The intermediate T2 is characteristic of bulk water in the 
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hydrating space [135], whereas the longer T2 component can associate with bleed water 
on the surface of samples. Although pure water has T2 of about 2-3 s (or 2000-3000 ms) 
[136], bleed water from a cementitious matrix is strongly alkali and contains numerous 
ions including some paramagnetic and ferromagnetic impurities, which can shorten the T2 














Figure 5.10 – The evolution of T2 distribution during hydration of cementitious pastes  
a) plain cementitious paste (w/cm 0.30) and b) USF-cementitious paste at 1% USF 
(w/cm=0.30 and we/cm =0.04). 
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As the hydration reaction proceeds, hydration products develop both in water-
filled space and on the surface of cement grains reducing the interparticle spacing, 
densifying the paste and thus decreasing the overall porosity and pore size. Thus, there is 
an associated change from the slow-diffusion to the fast-diffusion regime, in which the 
relaxation behavior is uniform over the entire – albeit finer – pores. Thus, the NMR 
signal at this study range, showed in Figure 5.10 after 7 h of hydration, behaved more 
like single-exponential relaxation decay and the T2 component in the short region merged 
with the intermediate region.  
Figure 5.11 demonstrates the evolution of optimum T1 values. This concept has 
often been cited as an indicator of setting during cement hydration [62, 137]. Based on 
results reported in [62], the optimum T1 value is sensitive to the formation of the solid 
network and thus its change relates to the penetration depth measured by Vicat needle. To 
simplify, the final setting is approximated as the point after the exponential changing 
prior to the stabilization of optimum T1 value. (These are visualized in Figure 5.11 as 
points a, b, and c.) These points, then, imply that the final setting of w/cm 0.30 
cementitious paste occurred at about 4-5 hours while that of w/cm 0.34, 1%USF and 
0.8%UKF-cementitious pastes occurred at about 6 hours and that of 2%USF-
cementitious paste occurred at about 6-7 hours. These values seem to correlate well to the 
T2 relaxation measurements and to the results from calorimetry, in which the first 




Figure 5.11 – The evolution of optimum T1 values of fiber-cementitious pastes compared 
with that of plain cementitious pastes at w/cm 0.30 and 0.34. (The 2%USF-cementitious 
paste has we/c of 0.08).  
 
5.2.2.5 Dynamic of Entrained Water during Early Hydration Period 
Typically, when T2 distribution is used to characterize the pore size distribution 
based on the fast exchange model, the analysis relies on the fact that all pores are 
saturated with pore solution. However, when applying the T2 measurement on a cement 
matrix that undergoes self-desiccation, because of the empty porosity is created during 
sealed curing, the distribution of T2 may not correlate with the actual pore size.  Rather, 
in the case of self-desiccation, T2 measurement may provide information about the 
change in pore size, the change in moisture content in the pores, and the transition of 
water from internal curing agents to a hydrating cementitious matrix.  
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 Figures 5.12, 5.13, and 5.14 demonstrate the dynamic of entrained water during 
early hydration reaction of internally cured cementitious pastes.† The results shown for 
each cementitious paste were averaged from two samples. From these data, as the 
hydration proceeded, not only were the peaks decreased in their intensity but the peaks 
also shifted toward lower relaxation times. For example, the peaks of T2 relaxation time 
of w/cm 0.30 cementitious paste, 1% USF cementitious paste, and w/cm 0.34 
cementitious paste at 13 h of hydration were at about 0.6 ms, 0.84 ms, and 1.08 ms, at 19 
h of hydration were at about 0.40 ms, 0.55 ms, and 0.60 ms, and at 25 h of hydration 
were at about 0.35 ms, 0.43 ms, and 0.43 ms, respectively.   
 As mentioned, in a saturated hydrating cementitious paste, using the fast 
exchange model, the T2 of water-filled pores can be related to the pore dimension, and 
hence the decrease of T2 relaxation times reveals the decrease in the size of capillary 
pores. However, in the absence of an external source of water and at low w/cm (w/cm < 
0.42), there is not enough capillary water for the hydration of a cementitious matrix, 
leading to a reduction of the internal relative humidity (so called “self-desiccation”) 
[138]. As the pore desiccates and/or empties, water is less mobile and can be associated 
with shorter T2. Therefore, while interpreting the early T2 relaxation of a hydrating 
cementitious matrix that undergoes self-desiccation, one should realize that the reduction 
of T2 relaxation results from two mechanisms: 1) the decrease in the size of capillary 
pores due to the progression of hydration reaction and 2) the restricted mobility of water 
†The analysis of T2 component from CPMG measurement of the hydrated cement pastes yields three T2 
components associated with  chemically bound water (~9µs), gel water (~80µs), and capillary water 
(~350µs).  [135] However, it should be noted that, in this study while the CPMG echo time is long enough 
to detect only the liquid-phase protons, the solid-phase protons relax at T2 relaxation times too short to be 
detected in this low-field NMR experiment.  
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in the capillary pores due to self-desiccation. Thus, the NMR results should be considered 
in the context of complimentary techniques such as calorimetry, for more clarification.  
 First, the distributions of the samples with eucalyptus pulps as internal curing 
agents exhibited two peaks. The major peak coincides with the capillary water in 
cementitious pastes without internal curing agent, and the minor peak corresponds to free 
water in the fiber lumen (see Figures 5.8 and 5.9). The main peaks of internally cured 
samples that contained the same amount of entrained water – 1%USF and 0.8%UKF – 
mostly overlapped each other, indicating their similar behavior. From Figures 5.12, 5.13, 
and 5.14, the position of the major peaks of 1% USF and 0.8% UKF-cementitious pastes, 
both of which have we/c of 0.04, appeared between w/cm 0.30 and w/cm 0.34 
cementitious pastes. From 13 to 25 h of hydration, while the peaks of T2 relaxation time 
of w/cm 0.30 cementitious paste shifted from 0.6 ms to 0.35 ms and that of w/cm 0.34 
cementitious paste shifted from 1.04 ms to 0.45 ms, that of 1% USF and 0.8% UKF-
cementitious pastes shifted from 0.84 to 0.43 ms. This reduction in T2 relaxation time 
potentially indicates both the decrease in pore size due to the formation of hydration 
products and the consumption of capillary pore water due to hydration reaction.  
Besides the effect of hydration reaction on pore size distribution, compared to the 
corresponding paste that contained the same amount of free water (w/cm 0.30) at 25 h of 
hydration, in which the cumulative heat of hydration of pastes were essentially the same, 
the main peaks of internally cured samples are higher and broader, suggesting that more 
water is available for hydrating cementitious matrix in these pastes. Since the peak 
amplitude is proportional to the proton population (or signal intensity), the content of 
water remaining in capillary pores can be determined by calculating the areas under the 
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peaks. The area under the main peak of w/cm 0.30, w/cm 0.34, 1% USF, 0.8% UKF, and 
2% USF cementitious pastes were approximately 230, 332, 343, 345, and 587, 
respectively. The broadness of a peak can be described by the term full width at half 
maximum (FWHM), which is commonly used to represent the width of a peak of curve. 
The FWHM of w/cm 0.30, w/cm 0.34, 1% USF, 0.8% UKF, and 2% USF cementitious 
pastes were approximately 0.769, 0.985, 1.032, 1.039, and 1.745, respectively. Thus, the 
increase in the peak area and the width of internally cured cementitious pastes further 
demonstrates that more water is available in eucalyptus pulp-cementitious pastes than 
w/cm 0.30 and w/cm 0.34 cement pastes.  
In addition, changes in the major peaks correlate with the changes of heat of 
hydration curves (Figures 5.4 and 5.5), in which the main peaks of the T2 relaxation of 
eucalyptus pulp-cementitious pastes with we/cm of 0.04 occurred between that for w/cm 
0.30 and w/cm 0.34 cementitious pastes. From 13 h to 25 h of hydration, the rate of 
change in the peak amplitude of eucalyptus pulp-cementitious pastes were slower than 
that of w/cm 0.34 paste. This perhaps can be viewed as an indication of the desorption 
kinetics of eucalyptus pulps when surrounded by the self-desiccating paste. The water 
held in eucalyptus pulp was gradually released while pores in the cement paste were 
emptied by self-desiccation and thus a reduction in the peak amplitude of T2 relaxation 
occurred at a slow pace.  In contrast to internally cured pastes, since w/cm 0.34 paste did 
not have internal curing agent, when self-desiccation occurred, capillary pores were 
emptied very rapidly. Therefore, the w/cm 0.34 cement paste exhibited the significant 
reduction in the peak amplitude of T2 relaxation. 
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 Unlike the migration of water from LWA that can be detected by the decreasing 
area of the water in such reference LWA sample [122], since the transition of T2 
relaxation times of wood pulp at different moisture contents somewhat overlaps with the 
T2 relaxation times of capillary water of cementitious pastes, one should be cautious 
when interpreting these data in considering the migration of water from eucalyptus pulps. 
When comparing data for fiber-cementitious pastes in Figures 5.12, 5.13, and 5.14 and 
with that for the fibers alone in Figures 5.8 and 5.9, it is clear that eucalyptus pulps lose 
water in their lumen within 25 h of hydration. As no T2 component in the cell lumen 
presented in all curves, most remaining water presented in the form of both bound water 
in the cell wall and free water in the cell wall pores. This water is then available for 
further cement hydration reaction, demonstrating the internal curing capacity of these 
fibers, which had been demonstrated through shrinkage studies in section 4.3.3 and in 
[139, 140]. And, for the first time, the time at which the internal curing water is provided 
from pulp fibers is understood.  
 In addition, details about kinetics of water release from eucalyptus pulps to 
hydrating cementitious paste may be clarified by considering the changes in minor peaks. 
The transition of water from the cell wall pores into the cell wall or the cementitious 
matrix is evidenced in the minor peaks. From 13 hours to 25 hours, the minor peaks 
shifted toward the major peaks indicating the diffusion and/or osmosis of water from 
eucalyptus pulps to the cementitious matrix. Although they contained the same amount of 
we/c, the rate of water loss from the cell wall pores of UKF was faster than that of USF as 
the minor peaks of 0.8%UKF tend to have lower T2 value. This perhaps confirmed the 
results reported in section 4.4 and in [139, 140] that wood pulp that can hold a large 
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amount of water in its structure such as pulp that has a thick cell wall will be more 
beneficial for mitigating autogenous shrinkage because it will not release all water too 
early.  
 
Figure 5.12 – Distribution of T2 relaxation times of fiber-cementitious pastes compared 




Figure 5.13 – Distribution of T2 relaxation times of fiber-cementitious pastes compared 





Figure 5.14 – Distribution of T2 relaxation times of fiber-cementitious pastes compared 















5.3 Sorption of Pore Solution Ions in Eucalyptus Pulps During Early Hydration of 
Cements 
While the chemical compositions of plant-based fiber can influence cement 
hydration, the effects can be minimized in wood pulp derived from chemical processes, 
such as kraft and soda pulp. Since the content of lignin in the fiber generally decreases as 
the level of chemical treatment increases, chemically treated wood pulp rarely contains 
lignin and extractives. When wood pulp from a chemical process is used in cementitious 
composites, little or no change in setting time and heat of hydration, as observed by 
isothermal calorimetry, has been reported [9, 58, 139]. Therefore, at early ages, the 
effects of chemically treated wood fibers on hydration have been assumed to be minimal.  
The assumption that chemically treated wood pulps do not interact with cement at 
early ages may not be applicable for internal curing applications, as several studies in 
pulp and paper science have suggested the ability of wood kraft pulps to sorb Na+ and 
Ca2+ from aqueous solution.  The sorptivity of the pulp in the solution highly depends on 
pH and initial concentration [141, 142] and occurs competitively among the types of ions 
presented in a solution. Since cement pore solution is highly ionic, improved 
understanding of such interactions between pulp fibers and the highly ionic cement pore 
solution is important for developing pulp fibers for applications in cement-based 
materials. For example, the effectiveness of mitigation of self-desiccation may depend on 
the ionic absorption and desorption capacity of the pulp, such as has been found with 
SAP [44].  
Because of the presence of ionizable groups (i.e., carboxylic acid and phenolic 
groups) in the cell wall of wood fibers, when suspended in water, wood pulps carry a 
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charge that is directly related to the ion-exchange capacity of the fibers [143]. The 
presence of charge on the surface of fiber is strongly related to the pH of solution. 
Carboxylic acid groups found in hemicellulose and cellulose structures are weakly 
dissociated and completely ionized at pH of ~7, whereas  phenolic groups such as 
guaiacyl phenolics, syringyl phenolics, and condensed phenolics found in the lignin 
structure are ionizable at pH>7 due to their higher pKa values. Since the typical pH of the 
pore solution in cementitious materials is about 12-13, both carboxylic acid and phenolic 
groups would be almost completely ionized and available to exchange with cations. 
These ionizable groups of fiber are strongly related to the cation sorption capacity of the 
fibers [142]. Therefore, wood pulp would be expected to behave differently in deionized 
water and cement pore solutions, and thus determining the absorption capacity (i.e. the 
ability to absorb entrained water during mixing of wood pulp with cement) of wood pulp 
in water  as reported in [11] may not be accurate.  
Additional effort must be devoted to clarifying the chemical mechanism(s) 
underlying the evolving interactions between chemical pulp-based fibers and cement, 
which affect internal curing performance of chemically treated wood pulps. This section 
focuses on such interactions, particularly at early ages, which remain relatively 
unexplored. Therefore, even though the overall goal in this chapter is to examine whether 
or not eucalyptus pulps react with cement, the focus of the study is to determine the 





5.3.1 Material and Methods 
To clarify the mechanism(s) underlying the early-hydration reaction between 
chemically treated wood pulp and cement, this work aimed to observe and compare such 
interactions between chemically treated eucalyptus pulp with two types of cement (i.e., 
gray and white cements) by surface characterization techniques in combination with 
standard test methods.  The elemental composition of eucalyptus pulp through its 
structure before and after its immersion in cement pore solutions was quantified and 
compared to that in deionized water (with a resistivity of 18.2 MΩ.cm). 
5.3.1.1 Materials 
Two types of portland cement were used in this study were: ASTM C150 Type 
I/II gray cement (Lafarge North America) and Type I white cement (Lehigh White 
Cement). Table 5.3 provides their compositions, based upon oxide analysis obtained by 
X-ray fluorescence (XRF, Bruker AXS S8 Tiger) spectrometry and crystalline phase 
composition obtained by quantitative X-ray diffraction analysis (QXRD, Bruker AXS D4 
Endeavor) with the Rietveld method using TOPAS software.   
Wood pulp used in this study was conventional unrefined, unbleached Eucalyptus 
camaldulensis (or River Red gum) pulp collected from a commercial soda pulping 
process in Southeast Asia. Since the pulp was chemically treated, it was high in cellulose 
and low in lignin. The kappa number of the pulp was 14.6, equal to a total residual lignin 





Table 5.3 – Oxide composition and crystalline phase composition of gray and white 














SiO2 19.73 23.65 alite 52.6 68 
Al2O3 4.82 2.09 belite 20.7 16.7 
Fe2O3 3.16 0.38 aluminate 3.7 3.5 
CaO 62.41 67.56 ferrite 11 0.1 
MgO 3.64 0.80 lime 0.1 0.1 
SO3 2.99 2.10 portlandite 2.3 1.6 
Na2O 0.08 0.18 periclase 2.6 0.3 
K2O 0.48 0.04 arcanite 0.6 0.9 
LOI 2.27 2.62 aphthitalite 0.4 0.2 
 
gypsum 0.9 - 
bassanite 2.4 1.5 
anhydrite - 2.1 
ye’elimite - 0.5 
calcite 2.7 4.2 
 
5.3.1.2 Quantitative Elemental Analysis 
Cement pore solutions were extracted at early ages from cement pastes prepared 
at a water-to-cement ratio (w/c) of 0.30 by mass. With a hand mixer, 500 g of cement was 
mixed with the appropriate amount of water in a polyethylene bowl, which was purged 
with N2 and sealed tightly. One hour after initial mixing, the cement pore solution was 
collected by vacuum filtration using 0.45 µm cellulose filters and 0.20µm 
polyethersulfone (PES) membranes. While small amounts of the pore solution were 
immediately diluted and acidified for ICP analysis, 10 ml of the pore solution was then 
transferred to a centrifugal tube containing 0.293 g of pulp, which equals approximately 
0.085 g of oven-dry pulp. The tube was then purged with N2, sealed with a cap, placed on 
a roller mixer, and rotated for 24 hours at 70 rpm to prevent segregation. After 24 hours, 
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the pulp was filtrated from the pore solution using 0.20 µm PES membranes washed with 
deionized water. Then, the pulp was freeze-dried for further analysis. For comparison, the 
same steps were followed when companion fiber samples dispersed in deionized (DI) 
water were prepared. 
The concentration of the elements – Na, K, Ca, Al, S, and Si – in the pore solution 
with and without fibers was quantified by inductively-coupled plasma optical emission 
spectrometer (ICP-OES, Optima 8000, PerkinElmer). Detection limits for this device are 
parts per billion (ppb) for most elements, including calcium, sodium, and silicon. Shown 
in Table 5.4, wavelengths for the quantitative elemental analysis were selected according 
to ASTM C1301-95 [144]. The spectrometer was calibrated using Ca, Li, Na, Al, and Si 
standards in a nitric acid matrix diluted to 0.5, 10, 20, and 50, and 100 parts per million 
(ppm) for the measurements of Na, K, Ca, and S, and diluted to 0.4, 1, 2, and 4 ppm for 
the measurements of Al and Si. Yttrium was used as an internal standard. For each 
sample, two replicate pore solutions at dilutions of 10x and 100x were prepared and 
tested. 
Table 5.4 – Wavelengths used to detect calcium, sodium, potassium, aluminum, sulfur, 
and silicon in the quantitative elemental analysis. 














5.3.1.3 Surface Analysis 
 The surface composition and variations in the near-surface region were observed 
using X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 
chemical analysis (ESCA). At least three locations for each sample were analyzed using 
K-alpha XPS (Thermo Scientific) in a scan area of 250 x 250 µm. An electron flood gun 
was used to compensate for the charging on the surface of pulp samples. The survey scan 
of the surface layer was used to quantify the apparent surface composition of USF. Data 
from the spectra were evaluated using the spectrometer’s curving-fitting software 
(Avantage, Thermo Scientific). A Shirley background was assumed in all cases and an 
80:20 Gaussian/Lorentzian peak shape was assumed for photoelectron peaks.  
In addition to the composition, the morphology of the pulp samples was observed 
by scanning electron microscopy (Zeiss Ultra60 FE-SEM) and atomic force microscopy 
(Veeco AFM II Dimension 3100).  For SEM, a freeze-dried fiber sample was attached to 
a sample holder, using solvent-free carbon conductive tabs, and then gold-coated by a 
sputter process (Hummer 6 gold/palladium sputterer.) Images of samples were acquired 
at magnification range from 800x to 35,000x and 5 kV of acceleration voltage and 9-10 
mm of working distance. For AFM, a pulp sample was dispersed in deionized water for 
one minute using a hand mixer. A single drop of about 50 µL of pulp suspension was 
deposited on a covered glass slide and dried in a conventional oven at 60oC for 24 hours 
to obtain a relatively flat sample. Samples were examined in tapping mode using a 
trihedral shape cantilever (µmasch NSC18) with a nominal spring constant of 2.8 N/m. 





5.3.2.1 Quantitative Elemental Analysis 
Table 5.5 presents results from quantitative elemental analysis of filtered samples 
before and after immersion in deionized water and cement pore solutions. The table 
compares initial concentrations of elements in the deionized water with those in the 
cement pore solutions. From the table, the sorption behavior of USF depends on the 
initial concentration of each composition in the solution. After 24 h of fiber immersion in 
deionized water, the concentrations of Ca, S, and Si increased while that of K and Na 
remained constant. From such behavior, it can be inferred that small amounts of Ca, S, 
and Si desorbed from the fiber into the water. In contrast in both cement pore solutions, 
the fiber took in K, Na, and Ca and lost greater concentrations of S, and Si than deionized 
water. These results confirm that at higher pH, more ionized sites are available on the cell 
wall of fibers, thus allowing USF to absorb or bind more cations.   
The sulfur found in the pore solutions containing the fibers can be derived from 
several sources. Wood contains sulfur that organically combines in amino acids and other 
complexes, for example. Also, although the soda pulping process requires only sodium 
hydroxide as a cooking agent, soda mills commonly employ a small amount of sulfide in 
the pulping liquor [145]. Therefore, the presence of sulfur in soda pulp is typical.  
As determined by ICP, the amount of sulfur reported is the “total” sulfur in each 
solution, which includes the amount of soluble sulfate (SO42-), sulfite (SO32-), and sulfide 
(S2-).  However, since the solubility of sulfates increase as degree of alkalinity increases 
[146], the amount of sulfur in a pore solution detected after the immersion of USF should 
increase significantly. Also the increase of SO42- ion concentration in the pore solution may 
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affect the hydration of the tricalcium aluminate phase (C3A) in cement, particularly at early 
ages [147].  
As shown in Table 5.5, the effect of the alkaline pore solution on solubility of 
sulfates (and may also sulfite) appeared in both pore solutions of gray and white cement. 
The high amount of S released from the fiber in cement pore solution indicates that 
cement pore solutions perhaps solubilize sulfur compounds in USF to accommodate the 
influx of pore solution ions (i.e., K+, Na+, and Ca2+). 
Table 5.5 – Quantitative elemental analysis results; Concentrations of potassium, sodium, 




Deionized water Gray cement pore solution 
White cement pore 
solution 
Before 
pH =7.56  
After 
pH =8.14  
Before 
pH =12.94  
After 
pH = 12.91 
Before 
pH =12.51  
After 
pH =12.45  
K <0.01 <0.01 320.09 296.17 15.19 14.39 
Na <0.001 <0.001 41.46 38.71 17.45 15.03 
Ca 0.03 0.07 10.47 8.00 58.43 35.40 
S 









Al <0.001 0.01 0.025 0.024 0.039 0.026 
Si 0.05 0.07 0.076 0.111 0.104 0.098 
 
The effects of initial pore solution composition on the sorption of metal ions to 
USF are shown in Table 5.5.  After exposure to the fibers, the changes in concentrations 
of K, Na, and Ca in the gray cement pore solution were 23.92, 2.75, and 2.47 mM, 
respectively, whereas that of the white cement pore solution were 0.8, 2.42, and 28.28 
mM, respectively. Since pulp carries acid functional groups (e.g. phenolics, carboxylic 
acids and hexenuronic acids) that can be protonized, metal ions, known as non-process 
elements (NPE), including K+, Na+, and Ca2+, can bind to the cell wall of fibers. Su et al. 
[148] determined the binding capacity of metal ions on kraft pulp at the pH of 4.5, in 
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which the order of affinity among three ions was Ca2+>>K+≅ Na+.‡ However, in this 
study, the effects of initial concentration play an important role on the ion selectivity of 
USF. In gray cement pore solution, more K+ was taken up, but in white cement pore 
solution, more Ca2+ was; in both cases, however, the greatest binding – in terms of 
reduction in concentration - occurred for the most abundant cation.  
However, comparing relative reductions in concentration as a percentage, there 
appears in both the white and gray cement cases to be a preference for binding bivalent 
cations over monovalent. Assuming the equilibrium reactions of the ion exchange reaction 
between the functional groups present on the USF and metal ions are stoichiometric, the 
exchange of metal ions to hydrogen ions of divalent metal ions and monovalent metal ions 
will be 1:2 and 1:1 [148, 149], respectively. Therefore, in the pore solutions examined, 
Ca2+ will have higher affinity for acidic sites than a monovalent ion (e.g. Na+, K+). 
However, in gray cement pore solution, because of the high concentration of K+, K+ ions 
likely occupy more acidic sites than that of K+ ions in white cement and seems to occupy 
more sites than that of Ca2+ ions. In contrast, in white cement pore solution, in which higher 
concentration of Ca2+ is significantly higher than K+, USF binds more toward Ca2+ than 
other ions.  
5.3.2.2 Surface Chemical Analysis 
While pore solution ions clearly interact with the cell wall of USF, the nature of 
the interaction requires further study. For example, ions may combine to form 
precipitates on or within the USF cell wall. Therefore, to better understand these 
‡ In their work 14 metal ions – Pb2+, Cu2+, Cd2+, Zn2+, Ni2+, Mn2+, Ba2+, Sr2+, Ca2+, Mg2+, Rb+, K+, Na+, Li+ 
– were loaded at 1.25 mmol to the 13.6 g oven dried pulp. 
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interactions, the surface of USF was examined chemically by XPS and structurally by 
SEM. Figure 5.15 shows the XPS spectrum of USF samples before and after 24 hours of 
exposure in deionized water compared to that after 24 hours in the cement pore solutions. 
From the figure, as expected, the spectrum of USF before immersion is dominated by 
carbon (C1s) and oxygen (O1s) peaks, which are the elements that make up the 
constituents of pulp, with slight peaks of silicon (Si2p and Si2s), shown in Figure 5.15a. 
After USF was immersed in deionized water for 24 hours, in Figure 5.15b, the surface of 
USF did not exhibit any detectable changes, with the same three elements (i.e. carbon, 
oxygen, and silicon) detected. On the other hand, after 24 hours of immersion in gray 
cement pore solution shown in Figure 5.15c, additional peaks at ~169, 347, and 293 eV, 
are found which are attributed to S2p, Ca2p3/2, and K2p3/2, respectively. Figure 5.15d 
presents XPS spectrum of USF sample after 24 hours of immersion in white cement pore 
solution. XPS shows additional peaks at around 347 eV, which corresponds to Ca2p3/2 





Figure 5.15 – XPS survey scans on the surface of USF samples a) unreacted USF, b) after 
immersion in deionized water, c) after immersion in the pore solution of gray cement, and 





Figure 5.15 – XPS survey scans on the surface of USF samples a) unreacted USF, b) after 
immersion in deionized water, c) after immersion in the pore solution of gray cement, and 
d) after immersed in the pore solution of white cement. (continued) 
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Table 5.6 presents the elemental compositions and binding energies of the surface 
of USF before and after immersion. These results were averaged from three different 
locations on the surface of USF. While the atomic concentration of Ca, K, and S on the 
surface of the USF sample immersed in gray cement pore solution increased, only the 
atomic concentration of Ca on the surface of USF immersed in white cement pore 
solution increased. The change in atomic concentration of Ca indicates some precipitation 
of calcium products on the surface of USF. 
Table 5.6 – Apparent surface composition of USF before and after immersed in DI water 


















C1s 286-287 59.09 (2.74) 61.69 (2.19) 57.08 (1.55) 58.70 (0.51) 
O1s 533-533.5 37.81 (3.80) 35.34 (2.72) 38.13 (1.63) 37.29 (0.76) 
Si2p 102-103 3.11 (1.06) 2.97 (0.61) 2.52 (0.59) 2.82 (0.48) 
Ca2p 347-348.5 - - 0.27 (0.08) 1.19 (0.11) 
S2p 168.9-169.1 - - 1.07 (0.36) 0.28 (0.19) 
K2p 293-293.5 - - 0.94 (0.53) - 
 
5.3.2.3 Surface Morphology 
An SEM image (Figure 5.16) of USF pulp before immersion in a solution shows 
that, despite their lack of refinement, external fibrillation is clearly seen and some 
microfibrils are found projecting from the surface.  These microfibrils increase the surface 
area, and they may serve as nucleation sites onto which hydration products precipitate. 
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Cement hydration acceleratory effects associated with additional surface area, even with 
chemically inert materials, have been previously reported in [117] . 
 
 
Figure 5.16 – An SEM image of USF fibers. 
 
Figures 5.17, 5.18, and 5.19 present the surface morphology of USF fibers after 24 
hours of immersion in deionized water, gray cement pore solution, and white cement pore 
solution, respectively. While immersed in deionized water, the USF fiber seems consistent 
with observations of fibrillation, also apparent when dry; no precipitates are noted. In 
figures 5.18 and 5.19, the presences of small, discrete apparently crystalline products are 
apparent on the surface of USF. Their collocation with microfibrils suggests that the fiber 
surface features may encourage nucleation of hydration products on the USF.  These 
observations further demonstrate that the surface of USF is not inert in its early-age 












Figure 5.18 – Scanning electron micrographs of USF surfaces after 24 h of immersion in 




Figure 5.18 – Scanning electron micrographs of USF surfaces after 24 h of immersion in 











Figure 5.19 – Scanning electron micrographs of USF surfaces after 24 h of immersion in 





Figure 5.19 – Scanning electron micrographs of USF surfaces after 24 h of immersion in 
gray cement pore solution. (continued) 
 
For more insights into the nature of precipitates, the topological properties of the 
USF surface was observed by AFM. Figures 5.20 and 5.21 show a selection of AFM 
scans of the surface of USF after immersion in deionized water and white cement pore 
solution, respectively.  While the surface of USF fiber immersed in deionized water 
appears to be smooth, that of the USF fiber immersed in white cement pore solution 
contains irregular particles deposited on the surface.  These particles’ morphologies are 
both polygonal and rounded with sizes in the range of hundreds of nanometers and 
smaller. This size range conforms to the size of both calcium hydroxide (CH) and 
calcium silicate hydrate (C-S-H) found in [150], in which the size ranges of CH and C-S-
H are in several dozen and hundreds of nanometers, respectively.  Moreover, while the 
rounded particles conform to the shape of a C-S-H particle, the polygonal shape conforms 
to the shape of a CH crystal. 
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      a) 
 
      b) 
Figure 5.20 – a) Two-dimensional (2D) and b) three-dimensional (3D) atomic force 










Figure 5.21 – a), b), c) Two-dimensional (2D) and d) three-dimensional (3D) atomic 





        
    c) 
 
    d) 
Figure 5.21 – a), b), c) Two-dimensional (2D) and d) three-dimensional (3D) atomic 
force microscopy (AFM) images of USF pulp after 24 h of immersion in white cement 
pore solution. (Continued) 
 
5.3.3 Discussion 
Here, taking all of the data on quantitative elemental analysis and surface analysis 
into account, it is proposed that, in the pore solution of cement, eucalyptus pulp acts as a 
semi-permeable membrane in which its sorptivity depends on cement type. While in gray 
cement pore solution eucalyptus pulp absorbs more K+, in white cement pore solution 
such pulp absorbs more Ca2+. This effect should be taken into consideration for the use of 
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eucalyptus pulp in some applications, especially when using specialty cement such as 
white cement. For example, while the absorption capacities of USF and UKF in the gray 
cement were 1 and 2, respectively (see section 4.3.1.), those of USF and UKF in white 
cement were 4 and 5, respectively (see section 5.2.1.2.).  
Besides the effects of the presence of other ions and initial concentration, if one 
assumes that the concentration of S obtained from the ICP wavenumber of 182.037 is 
associated to CaSO4, from which supplied both Ca2+ and SO42- to the pore solutions, the 
actual amounts of Ca2+ bound to USF in gray and white cement pore solutions are 16.27 
and 28.28 mM, respectively. Then, based on the concentration of K, Na, and Ca 
measured by ICP, if one reverse calculates, the total charge associated with the ion 
exchange reaction of gray and white cement pore solutions are 59.21 and 59.78 mN, 
respectively. Therefore, the amount of Ca2+ adsorbed to USF in gray and white cement 
pore solutions are 1,914 and 3,327 mmol/kg of oven-dry USF. Based on data from Duong 
et al. [141] that sorption capacity of unbleached kraft fiber for Ca2+ at pH of 11 is  about 
200 mmol/kg of oven-dry fiber§, thus, in this study, total charge of Ca2+ exceeds the 
maximum capacity of USF, suggesting that calcium may present in nonionic forms and 
some precipitation of calcium-containing compound may occur on the surface. This 
behavior has been recently found in [141, 149] and, in this study, is confirmed by XPS 
and AFM measurements. 
Results from XPS show that relatively more K+ and Ca2+ were bound to the USF 
than Na+. The high solubility of potassium compounds suggests that K+ does not 
precipitate on the surface but instead is bound in the fiber cell wall. However, in the case 
§ Since the value is based on experimental results on sorption isotherm of unbleached kraft fiber not 
unbleached soda fiber, this is meant for the approximate comparison.  
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of calcium, since the solubility of calcium compounds is low, calcium more likely 
precipitates on the surface of USF, as reported in [141]. The presence of sulfur atoms on 
the surface suggests that one of the possible forms that precipitate on USF surface can be 
sulfate-containing hydrate phases.  
Although in this study, due to their small amount and size, the exact hydrated 
phases of precipitants have not yet been determined, the results suggest that the fiber 
surface can serve as nucleation sites for cement hydration products. Since the XPS results 
suggest that precipitants are calcium-rich phases, several possible hydrate phases are 
calcium silicate hydrate, calcium hydroxide, and sulfate-containing calcium hydrate 
phases. These precipitants may facilitate hydration reaction at early ages. For example, 
the presence of calcium hydroxide crystals on the surface could facilitate the growth of 
calcium silicate hydrate (C-S-H) [151], which could play an important role in controlling 
fiber-cement interfacial properties.   
5.4 Conclusions 
In this study, while the heat of hydration of cement pastes is captured by 
isothermal calorimetry, the transport of entrained water (or internal curing water) from 
eucalyptus pulp to hydrating cementitious paste is examined through a series of in situ 
MRI and NMR measurements. The behaviors of eucalyptus pulp as internal curing agent 
are summarized as follows: 
• In the cementitious matrix examined in this study, free water from the 
eucalyptus fiber lumen contributes to internal curing within the first 25 h of 
hydration, while free water in the cell wall pores and bound water in the cell 
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wall contribute to later mitigation of self-desiccation shrinkage. These results 
point to the importance of cell wall thickness in internal curing with fibers. 
• The addition of eucalyptus pulps did not affect the overall heat of hydration. 
The setting time was slightly delayed. However, at after 25 h of hydration the 
heat of pulp-cementitious pastes was higher than that of control paste of w/cm 
at 0.30, which indicates the additional hydration reaction due to internal 
curing. Quite similar behavior has been reported with the use of LWA and 
SAP. 
• Preliminary MRI imaging confirms that eucalyptus pulp is well dispersed in 
the cement paste, at least at the resolution performed in this study, as 
demonstrated by the uniformity in MRI signal intensity for 1%USF-
cementitious paste. 
 
Although results from NMR/MRI measurements reveal the mechanisms 
underlying the migration of entrained water from eucalyptus pulps to hydrating cement 
paste, pulps not only absorb and desorb water but also interact with ions in the pore 
solution of cement. Such interaction would change the concentration of ions in their cell 
wall, which may promote osmosis. Therefore, to evaluate such interactions at early ages, 
nanocharacterization techniques were employed to compare fiber interactions in 
deionized water with those in cement pore solutions within 24 h of hydration. Based on 
results found in the study, several mechanisms are proposed: 
• USF adsorbs cations from cement pore solution to its structure via ion 
exchange. Although adsorption of Ca2+ is preferable to Na+ and K+, the 
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amount and type of ion adsorbed depends on the chemical compositions of the 
pore solution, which in turn depends on the cement composition.  
• An increase in concentration of sulfur indicates dissolution of gypsum (and 
perhaps other sulfur-containing compounds) to accommodate the influx of 
pore solution ions. This increase in sulfur concentration in the pore solution 
may affect the hydration of calcium aluminate phase (C3A) and should be 
further examined. 
• From XPS analysis, changes in fiber surface chemistry were observed. The 
change in atomic concentration of Ca indicates some precipitation of calcium-
containing products on the surface of USF, which corresponds with results 
from ICP analysis.  
• SEM images reveal the presence of small, discrete crystals on the USF surface 
indicating some precipitation or nucleation on the surface of USF, in which 
the nucleation sites and the presence of surface asperities, including 
microfibrils, appear to be associated.  
Overall, these results together show that there are important interactions occurring 
between the pulp and the surrounding pore solution, which depend upon the cement 
composition. As a result, when assessing the potential for internal curing performance, it 











Chapter 4 has demonstrated that eucalyptus pulps can provide internal curing in 
cementitious composites [9, 139]. Because of their physical and chemical structures, 
hardwood pulps are hygroscopic, taking up water as both free and weakly bound water 
which may then be released into the cement matrix during hydration, potentially 
contributing to the mitigation of autogenous shrinkage in cement paste and mortar of low 
w/c. Therefore, while eucalyptus pulps, one of hardwood species, may not significantly 
improve the mechanical properties of mortar and concrete as much as longer plant-based 
fibers they may enhance some early-age properties with the potential to limit the cracking 
of cementitious composites at early ages especially in a system that has a high cement 
content whereby the highest tensile stress-to-strength ratios are exhibited at the period 
between 24 and 48 hours after setting [152]. Therefore, due to their availability, 
consistency, dispersability, internal curing capability, and crack-arresting properties, 
hardwood fibers warrant further examination for use in cement-based construction 
materials.  
 This chapter compares the performance of eucalyptus pulp on early-age cracking 
mitigation in ordinary types of mortar to that in mortar containing a more common 
internal curing agent, superabsorbent polymer (SAP). Both the ability of eucalyptus pulp 
to reinforce and its capacity to provide internal curing are evaluated through a series of 
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restrained shrinkage tests, early age mechanical tests, and characterization. The overall 
goal is to better understand the roles of internal curing and reinforcement as they relate to 
shrinkage crack mitigation through the use of eucalyptus pulp fiber. 
6.2 Materials and Methods 
6.2.1 Materials 
Unbleached soda pulp (USF) was obtained from a commercial soda-pulp mill 
located in Southeast Asia. The pulp was never dried, so it retained its structure. Key 
features include the kappa number of the pulp was 14.6, giving a total residual lignin 
content of 2.23 percent. The average length of the fiber was approximately 0.69 ± 0.02 
mm. The as-received moisture content of the USF was 245%, determined according to 
ASTM D4442-07 [98]. The superabsorbent polymer used for comparison was a cross-
linked acrylamide/acrylic acid copolymer, the most predominant type of SAP used for 
internal curing [44]. The SAP was in powder form and added to dry cement prior to 
mixing.  
Mortar samples were prepared using commercially available ASTM Type I/II 
portland cement (Lafarge, North America), natural siliceous sand (Atlanta, Georgia, 
USA), and tap water. The oxide analysis of the cement was performed by x-ray 
fluorescence (XRF, Bruker AXS S8 Tiger) spectrometry.  The oxide composition of the 
cement was (as percentage by mass) 19.73% SiO2, 4.82% Al2O3, 3.16% Fe2O3, 62.41% 
CaO, 3.64% MgO, 2.99% SO3, 0.08% Na2O, 0.48% K2O, and 2.2% LOI. The crystalline 
phases of cement, as identified by quantitative x-ray diffraction analysis (QXRD, Bruker 
AXS D4 Endeavor) with the Rietveld method using TOPAS software, was (as percentage 
by mass) 52.6% alite, 20.7% belite, 3.7% aluminate, 11% ferrite, 0.1% lime, 2.3% 
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portlandite, 2.6% periclase, 0.6% arcanite, 0.4% aphthitalite, 0.9% gypsum, 2.4% 
bassanite, and 2.7% calcite. The particle size distribution of the sand, shown in Figure 
6.1, was adjusted to meet ASTM C897-05 requirements [153]. The oven-dry specific 
gravity was 2.62 and the fineness modulus was 2.68. 
 
Figure 6.1 – Particle size distribution of the sand used in this study. 
 
Mortars were prepared at a water-to-cement ratio (w/c) of 0.40 and a sand-to-
cement volume ratio (s/c) of 1.5. All mix design proportions tested in this study are 
shown in Table 6.1. Maintaining a consistent w/c, particularly for mortars that contain 
either of the internal curing agents – USF and SAP – requires that the amount of internal 
curing water available to the paste be accounted for during mixture proportioning. 
Therefore, the amounts of “entrained water” (e.g., water available for internal curing 
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[138]), which depend on the amounts of USF and SAP in the mortar as well as the 
intrinsic properties of these agents and the cement used [40, 44, 127], were quantified 
using a consistent method [97] and the mix water masses were adjusted accordingly. The 
absorption capacity of USF was determined to be 1 while that of SAP was 10.  The 
absorption capacity of SAP was close to that previously reported [154], in which the 
absorption capacity was determined through measurement of chemical shrinkage. Since a 
high efficiency polycarboxylate-based superplasticizer, ADVA455 (WR Grace), was 
added to enhance the workability of the fiber-containing mortar, the same amount was 
also added to each of the companion samples (3µL per gram of cement).  
Table 6.1 – Mixture proportion of mortars in oven-dry basis. 
Mix notation 
Ratio by weight of cement Percent by weight (and by volume) of cement 
Sand1 Mix water IC water USF SAP 
w/c 0.4 1.248  0.4 - - - 
0.5% USF 1.248  0.4 0.01 0.96 (0.5)3 - 
0.75% USF 1.248  0.4 0.015 1.44 (0.75) - 
1% USF 1.248  0.4 0.02 1.93 (1.0) - 
0.1% SAP 1.248  0.4 0.01 - 0.1 
0.15% SAP 1.248  0.4 0.015 - 0.15 
0.2% SAP 1.248  0.4 0.02 - 0.2 
1Ratio of sand is presented at SSD condition. 
2Ratio of sand to cement by volume was 1.5.  
3Number in parentheses is the percent of USF by volume of total. 
 
 
6.2.2 Restrained Shrinkage 
To evaluate the effect of USF hardwood eucalyptus pulp on early-age cracking, 
this work employed the restrained ring test (ASTM C1581-09 [155]). Strain development 
in the steel ring was monitored by attaching two electrical resistance strain gauges, 180o 
apart, to the inner surface of the steel ring at mid-height.  The strain gauges were 
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connected to a quarter-bridge strain gauge module attached to a data acquisition system. 
The strain data were recorded every three minutes. The amounts of fiber used in 
restrained shrinkage studies were 0.5% and 0.75% by volume of the original mix. The 
role of internal curing on restrained shrinkage was clarified by comparing the test results 
of mortar with a 0.75% volume of fiber to those of mortar with 0.15% weight of the SAP 
added to the cement which is equivalent to an entrained water-to-cement ratio (we/c = the 
amount of water absorbed by an internal curing agent) of 0.015. 
These mortar samples were cast in two layers, each of which was consolidated by 
a vibrating rod. The samples were cured and sealed in accordance with the ASTM 
C1581-09 standard. Testing environment was at a temperature of 22±2oC and a relative 
humidity of 60±5%.** Under the assumption that uniform shrinkage in the radial 
direction will occur, the maximum residual tensile stress (σmax) in the mortar specimens 
was calculated from the known parameters of the strain in the steel ring (εst), the modulus 
of the elasticity of steel (Est), the outer radius of the steel ring (Ros), the outer radius of the 
specimen (Roc), and the inner radius of the steel ring (Ris) by Eq. 6.1[76] 
 
𝜎𝜎𝑚𝑚𝑚𝑚𝑚𝑚 = −𝜀𝜀𝑠𝑠𝑡𝑡 ∙ 𝐸𝐸𝑠𝑠𝑡𝑡 ∙
(𝑅𝑅𝑂𝑂𝑂𝑂2 + 𝑅𝑅𝑂𝑂𝐶𝐶2 ) ∙ (𝑅𝑅𝑂𝑂𝑂𝑂2 − 𝑅𝑅𝑖𝑖𝑠𝑠2 )
2𝑅𝑅𝑂𝑂𝑂𝑂2 (𝑅𝑅𝑂𝑂𝐶𝐶2 − 𝑅𝑅𝑂𝑂𝑂𝑂2 )
 Eq. 6.1 
The age at cracking was reported as the point at which a sudden decrease in strain 
occurs. At that time, visible cracks were then labeled and photographed every two days. 
The widths of the cracks were evaluated by image analysis software (Image J). 
** The humidity range in this study did not comply with ASTM C1581, in which the humidity is specified 
at 50±5% RH. However, since the ASTM C1581 is for relative comparison of materials, results obtained in 
this study still reflect the performance of internal curing agents on crack mitigation of mortar. 
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6.2.3 Free Drying and Autogenous Shrinkages 
Free total and autogenous shrinkages, as companions to restrained shrinkage, 
were evaluated by casting mortar bars according to ASTM C490-11 standard [156]. 
These bars were demolded 24±1 hours after casting and remained in the same 
conditioned room as the ring specimens. To prevent moisture loss, the autogenous 
shrinkage samples were immediately wrapped with an aluminum tape upon demolding. 
The first reading for all shrinkage measurements was done within 30 minutes after the 
samples were demolded.  Moisture loss was also monitored by recording the mass of 
each specimen, using a balance with a tolerance of ± 0.1 g. 
6.2.4 Mechanical Testing 
Specimens for the splitting tensile strength (ASTM C496-11 [157]) and the 
dynamic elastic modulus (ASTM C215-08 [158]) tests were cast and tested alongside of 
shrinkage test specimens.  Splitting tensile tests were performed on 76.2 mm x 152.4 mm 
cylindrical specimens at 3, 5, 7, 14, and 28 days. The dynamic modulus was assessed 
non-destructively on 100 mm x 200 mm cylindrical specimens every two days.  Until the 
tests were performed, all of these specimens were kept in a condition identical to that of 
the rings until the time of the test.  
The effectiveness of hardwood pulp as reinforcement in mortar was further 
examined through a comparison of flexural toughness test results for the fiber-cement 
mortars with those of the unreinforced mortar and SAP-blended mortar. As shown in 
Table 6.1, the amounts of fiber reinforcement used in this study were 0.5%, 0.75%, and 
1% by volume of the original mix. The SAP mortars contained 0.1%, 0.15%, and 0.2% 
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by weight of cement. Both the USF and SAP mortars were equivalent to the we/c of 0.01, 
0.015, and 0.02, respectively. 
Flexural specimens were cast in two layers in 2.54 x 2.54 x 30.5 cm brass molds, 
vibrated to minimize entrapped air voids, and then covered by a plastic sheet to prevent 
moisture loss. After 24 hours, the samples were demolded and cut with a masonry saw to 
a 10.2 cm length. While the specimens for air curing were kept in an environmental 
chamber at 24±2oC and 60±5%RH, those for water curing were placed in a lime-saturated 
tank at 23±2oC until the time of the test. Flexural testing was performed at 23±2oC and 
45±5% RH. 
Specimens that would undergo a three-point bending test were set up at a span of 
7.6 cm, which equals a span-to-depth ratio of 3 [159]. Each data point was obtained from 
at least six specimens. The test was performed on each sample using a 98 kN screw 
driven test frame (Satec model 22EMF) with a crosshead displacement of 0.1 mm/min.  
To capture the deflection of the specimen, an electronic deflectometer (Epsilon model 
3540-012M-ST) was placed under the center point of the mortar bar.  From the test 
results, flexural toughness was calculated. The flexural toughness was calculated from 
post-cracking toughness, or the area under the load-deflection curve beyond the initial 
cracking [160]. An example of these calculations is demonstrated in Figure 6.2. 
Moreover, since the moisture state of sample (e.g., oven dry, air dry, and wet states) at 
the time of testing can be crucial for natural fiber-reinforced cement composites [161], all 
samples were kept in their curing condition until the time of testing. Limewater-cured 
samples were removed from the curing tank and surface dried using paper towels and 




Figure 6.2 – Definition of post-cracking flexural toughness. 
 
6.3 Results  
USF hardwood pulp fiber was evaluated as reinforcement and as internal curing 
agent for mitigation of early-cracking in mortar. The performance of USF pulp was 
demonstrated through restrained shrinkage, early-age mechanical properties, and 
microstructure of the composites. For more understanding of the role of USF in an early-
age cracking mitigation, additional tests such as autogenous shrinkage, drying shrinkage, 
dynamic modulus, splitting tensile strength and flexural toughness were performed. 





6.3.1 Stress Development and Cracking Potential in Restrained Shrinkage 
Tensile stress developed in the mortar ring specimens, as obtained via Eq. 6.1, are 
shown in Figure 6.3. Compared with plain mortar, internally cured mortar, which 
contains either of the agents (SAP and USF), exhibited lower tensile stress, a common 
behavior of internally-cured specimens [154, 162, 163]. From Figure 6.3, the effects of 
USF reinforcement on pre- and post-cracking behaviors can be distinguished. First, the 
rates of stress development of the USF-reinforced mortar specimens were slower than 
those of the plain mortar. After the 0.75% USF-reinforced mortar initially cracked, the 
tensile stress of this mortar, unlike other mixes, did not immediately approach zero but 
instead gradually decreased, indicating a transfer of tensile stress from the matrix to the 
USF, similar to that reported in [11] for pulp-fiber reinforced mortars. In the pre-
cracking, the tensile stress of the internally cured mortars was lower than in the control; 
this disagrees with results reported in [11], in which similar behavior was reported for 




Figure 6.3 – The development of tensile stress in restrained shrinkage specimens with and 
without USF fiber. 
 
 
While at the time of cracking the tensile stress was lower in the internally cured 
mortars (i.e., both SAP and USF), the time-to-cracking (shown in Table 6.2) was 
extended only for the USF-reinforced cases. The lower tensile stress could derive, at least 
in part, from the lower modulus of both USF-reinforced and SAP-blended mortars 
(presented in section 3.3.) Time-to-cracking has been defined as the difference between 
the age when a sudden decrease in tensile stress occurs and the age of initial drying [127].  
The results show that despite the variation in cracking time among the three replicate 
specimens, the average value is relatively satisfactory in terms of statistical differences. 
The results also indicate the effectiveness of using USF to mitigate early-age cracking; 
that is, although the mortar was designed with low s/c and fine sand to exacerbate 
154 
 
cracking, cracks in the USF-reinforced mortar occurred at later ages. Both plain and SAP 
mortar specimens without USF reinforcement cracked within about 36 hours after initial 
drying while the 0.5% and 0.75% USF-reinforced mortar cracked at about 57 and 80 
hours, respectively.  
Figure 6.4 presents the effect of USF on the development of crack width. The 
initial crack width of the w/c 0.4 mortar was larger than that of USF-reinforced mortar. 
The average width of the cracks began at about 0.75 mm for w/c 0.4 specimens while that 
of the 0.5% and 0.75% USF-reinforced mortar began at about 0.35 and 0.09 mm, 
respectively. Therefore, the initial crack width was decreased by 88% in 0.75% USF 
reinforcement; it is significant that the crack width can be confined to a size below which 
self-healing is possible in appropriately designed cementitious matrices [164, 165].  
The reduction in the average initial width of cracks indicates that USF pulps, after 
cracking, effectively bridge microcracks, preventing them from widening. As the width 
of the cracks developed, the length of the fiber appeared to be crucial. That is, the crack 
width in 0.75% USF mortar gradually increased in the beginning but dramatically 
increased as the crack became wider than the average length of the fiber (0.69 ± 0.02 
mm).  Compared to the crack width of w/c 0.4 mortar, the crack in the 0.75% USF was 







Table 6.2 – Time-to-cracking of restrained ring specimens. 
Mixture 
Time-to-cracking* (hours) 
#1 #2 #3 Average (CV %)** 
w/c 0.4 41.06 30.80 34.13 35.33±5.23 (14.8) 
0.15% SAP 29.47 44.61 34.40 36.16±7.72 (21.4) 
0.5% USF 54.15 64.62 53.21 57.33±6.33 (11.0) 
0.75% USF 70.87 89.06 82.33 80.75±9.20 (11.4) 
* The time-to-cracking of USF-reinforced mortar is defined as the time lapse from initial drying to initial 
cracking. 
**The coefficient of variation is defined as the percentage of the ratio of the standard deviation to the 
mean.  
Upon examination of the SAP-blended specimen, the 0.15% SAP-blended mortar, 
which had the same nominal amount of entrained water as 0.75% USF-reinforced mortar, 
did not slow stress development nor delay the cracking time, similar to results reported in 
[154]. Thus, based solely on the results shown here, one can interpret either that the 
dosage of SAP at we/c of 0.015 did not effectively provide internal curing water to mortar 
or that internal curing did not mitigate restrained shrinkage.  As will be presented 
subsequently (in Section 6.3.2), at this dosage, the SAP effectively mitigated autogenous 
shrinkage, suggesting that the dosage was appropriate but did not translate into restrained 
shrinkage crack mitigation. Recently, Zhutovsky et al. [154] examined the effects of 
internal curing on restrained shrinkage and demonstrated that despite the reduction of 
autogenous shrinkage when concrete is subjected to drying, because of water loss, 
internal curing  SAP, without a shrinkage-reducing admixture exhibited only slight 
reduction of the cracking potential.  
Although the delay in time-to-cracking of cellulose-reinforced mortar was not 
reported in [11], the results in this study demonstrated that hardwood eucalyptus pulp can 
improve the restrained shrinkage behavior of mortar at early ages. The variation in 
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behavior for the USF and SAP at the same entrained water dosage rate suggests that 
further examination of the mechanisms underlying the reduction in shrinkage, time to 
cracking, and crack width warrant further examination.  
 
Figure 6.4 – Effects of USF reinforcement on the development of crack width. 
 
6.3.2 Free Drying and Autogenous Shrinkages 
Figures 6.5 and 6.6 present the effects of USF fiber on both the free drying and 
autogenous shrinkages of mortar and the change in mass.  The total shrinkage of fiber-
reinforced mortar slightly increased compared to ordinary mortar, as has been reported in 
other studies [11, 89]. The effect of USF on mass loss also agrees with that found in [90].  
At 28 days, the loss of mass in the USF-reinforced mortar was about 3.41±0.21% and 
3.71±0.24% for the 0.5% and 0.75% volumes of fiber, respectively, whereas that in the 
plain mortar was about 3.12±0.16%. It is believed that presence of plant-based fiber, 
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including USF, increased the porosity of the matrix as a result of poorer workability, the 
effects of which were noted when comparing the specific gravity of USF-reinforced 
mortar measured immediately after demolding (2.24) to that of plain mortar (2.33). This 
increased porosity, together with the hygroscopic property of the fiber, contributed to the 
loss of mass and increased shrinkage.   
 
 
Figure 6.5 – Effects of USF and SAP on free drying and autogenous shrinkage of mortar. 
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Figure 6.6 – Effects of USF and SAP on the mass loss of mortar. 
 
For comparison, Figures 6.5 and 6.6 also illustrated the shrinkage and mass loss 
of the companion SAP mortars, respectively.  The SAP specimens underwent drying 
shrinkage similar to but mass loss was higher than the plain mortar specimens, which 
conformed to that reported in [154, 166]. Zhutovsky et al. [154] also found that although 
greater mass loss occurred with the incorporation of the SAP, the free shrinkage of the 
samples remained consistent with that of the control samples. 
 Here, sealed mortar bars, companions to the drying shrinkage bars, were used to 
assess autogenous shrinkage. The maximum moisture loss at 28 days was 0.15%, 
indicating that the bars were effectively subjected to autogenous shrinkage generally in 
the absence of drying shrinkage.   Among the four mortar mix designs examined, the 
plain mortar exhibited the highest value of autogenous shrinkage.  In contrast, the mortar 
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with the addition of internal curing agents SAP and USF underwent significant reductions 
in autogenous shrinkage.  The percentage reduction in the autogenous shrinkage of 
internally cured mortar was about 23.7% for 0.15% SAP, 31.6% for 0.15% USF, and 
55.3% for 0.75% USF. Although the SAP mortar samples had the same nominal amount 
of entrained water as the 0.75% USF mortar samples, the addition of the SAP was less 
effective in mitigating autogenous shrinkage at the dosage rates examined.  
In addition to considering the free shrinkage behaviors in Figure 6.5, by 
subtracting the autogenous shrinkage from the drying shrinkage for each case, as reported 
in Figure 6.7, the effects of the evaporation of water can be isolated.  The trends in these 
results agree with the trends mass loss, shown in Figure 6.6; that is, the higher the mass 
loss, the more shrinkage, as expected. Fiber-reinforced specimens experienced more mass 
loss and shrinkage compared to SAP-blended specimens, which could have resulted from 
the loss of water from interconnected porosity presenting in the fiber and the shrinkage of 




Figure 6.7 – Effects of USF and SAP on the shrinkage caused from the evaporation of 
water. 
 
6.3.3 Mechanical Properties 
To comprehensively evaluate the effects of USF fiber on shrinkage behaviors, 
shrinkage data – both free and restrained shrinkages – should be examined in the context 
of the development of tensile strength (Table 6.3) and the stiffness (measured here as 
dynamic modulus in Figure 6.8). As the length of USF was only about 0.6 mm, this fiber, 
at the volume fractions range in this study, was not expected to enhance the tensile 
strength of mortar, which is borne out in the data in Table 6.3.  At 28 days, the tensile 
strength of USF-reinforced mortar was 5.07±0.20 MPa and 5.01±0.1MPa for 0.5% and 
0.75% volumes of the fiber, respectively, whereas that of the plain mortar was 5.22±0.31 
MPa. However, the tensile strength of the USF-reinforced mortar was slightly higher than 
161 
 
the control at early ages (i.e., 7 days and less), which indicates that USF may have 
improved the tensile strength of mortar at an early age when the matrix was relatively 
immature and prone to cracking. 
Table 6.3 – Splitting tensile strength of mortar specimens. 
Age (days) 
Splitting tensile strength (MPa) 
w/c 0.4 0.5%USF 0.75%USF 0.15%SAP 
3 3.41±0.43 3.63±0.29 3.77±0.28 3.66±0.16 
5 3.88±0.39 3.84±0.38 4.10±0.12 3.83±0.59 
7 4.19±0.41 3.86±0.37 4.34±0.14 4.38±0.28 
14 4.82±0.42 4.55±0.41 4.71±0.10 4.46±0.10 
28 5.22±0.31 5.07±0.20 5.01±0.10 5.02±0.24 
 
USF may affect not only the tensile strength of mortar but also the dynamic 
modulus of elasticity, as shown in Figure 6.8.†† At all ages, all internally cured samples 
exhibited lower dynamic modulus than that of the plain mortar. At 28 days, the dynamic 
moduli of the USF-reinforced mortar were 38.71±0.48 GPa and 36.73±0.47 GPa for the 
0.5% and 0.75% volumes of fiber, respectively, whereas that of the plain mortar was 
45.11±0.29 GPa and that of the SAP-blended mortar was about 42.27±0.63 GPa. From 
the Figure, the dynamic modulus decreased as the proportion of USF increased. The 
inclusion of USF could affect the dynamic modulus in 2 ways; 1) the introduction of pre-
existing flaws and 2) the lower modulus of the fiber itself compared to the mortar.  
†† Though it should be noted that dynamic modulus not equivalent to static modulus, a good linear 
relationship is found between dynamic and static values [167]; here, it was advantageous to monitor the 
evolution of stiffness via non-destructive measurement of the dynamic modulus, which also avoided 




                                                 
First, since the dynamic elastic constant is sensitive to material quality and 
uniformity and the resonant frequency is used to evaluate the damage level in concrete 
and mortar and often used as an indication of the development of both micro-and macro-
cracking [168], the inclusion of USF could introduce some pre-existing flaws and thus 
decrease the dynamic modulus. Such a flaw might include voids, due to decreased 
workability, and microcracking, particularly at the fiber/cement interface (as will be 
examined in Section 6.3.4). Another possible reason is that the modulus of the saturated 
or near-saturated wood fiber is one order of magnitude lower than it is when dry [110].  
Given that the longitudinal modulus of a hardwood kraft pulp in a dry state is 
approximately 35 GPa [20], the modulus of the wet pulp would be expected to be on the 
order of 3.5 GPa, which entirely reduces the modulus of mortar based upon composite 
theory.  
The reduction in modulus of elasticity in USF-reinforced mortar would decrease 
the potential of cracking at early ages of mortar [169], applying the concept of 
extensibility. That is, assuming linear-elastic behavior, the stress generated during post-
setting early-age shrinkage depends on the modulus of elasticity while the resistance to 
cracking depends on the tensile capacity. For a given shrinkage strain, mortar and 
concrete with a higher modulus of elasticity and a lower tensile strength will be more 
prone to cracking. In addition, the stress induced by shrinkage strain is reduced by stress 
relaxation and, after cracking, is also transferred to the fibers [12, 170]. Thus, restrained 
cracking relies on both the elastic and viscoelastic properties of a material. The reduction 
of modulus in USF-reinforced mortars indicates one possible contribution of USF to the 




Figure 6.8 – Dynamic modulus of the USF and SAP-reinforced mortar compared with 
that of plain mortar. 
 
In addition to splitting tension and dynamic modulus, the effects of eucalyptus 
fibers both as reinforcement and internal curing agents were evaluated through flexural 
tests.  Mortar samples subjected to limewater curing (i.e., no internal curing) and air 
curing (i.e., with internal curing at 60%RH) were tested in flexure at 7 and 28 days. The 
(first-cracking) flexural strength of these mortars, as compared to plain mortar with that 
of internally cured SAP-blended mortars, are shown in Figure 6.9.  Generally, these 
results showed a slight increase in the flexural strength of mortars between 7 and 28 days, 
as expected. However, with the addition of the USF, flexural strength decreased. That is, 
the peak flexural strength of the two types of mortar at 28 days decreased by about 17% 
and 27% for fiber volume fractions of 0.5 and 1%, respectively. This finding contradicts 
a generally accepted assumption that flexural strength should increase when the fiber 
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content increases [58, 171]. However, it must be noted that such claims are based on 
long-length pulp fibers or fiber-cement composites produced by Hatschek or dewatering 
processes, not on short-length hardwood eucalyptus fibers or cast-in-place mortar. Since 
increases in flexural strength are particularly sensitive to not only fiber volumes but also 
aspect ratios, it is often related to the term Wl/d, in which W is the weight percent of the 
fiber and l/d the aspect ratio [8]. While the aspect ratios of long-length plant-based fibers 
such as pine pulp are at least 200, the aspect ratio of hardwood fiber is only about 40 to 
50. Then, a large amount of hardwood fiber would be necessary to efficiently improve the 
flexural strength of mortar, which may not lie within the studied range (0 to 1% by 
volume of fiber). Moreover, for a large amount of fiber inclusion, the mix characteristics 
tend to become unsatisfactory as a result of inadequate workability and dispersion of 
fiber, so the non-traditional method of mortar casting (e.g., Hatschek or dewatering) 
should be employed to maximize the amount of pulp while minimizing void content in 
the composite. Since this study relied on traditional methods of casting, short lengths of 
fiber, and small fractions of volume (i.e., less than 2%), the effect of the wood fiber is 
particularly small before cracking, so no clear contribution can be shown, as in [172].  
Therefore, The effects of voids or other pre-existing flaws (e.g., fiber clumps), which 
result from a decrease in workability likely overshadows any benefit of fiber 
reinforcement; similar results showing decreases in flexural strength for cast-in-place 





Figure 6.9 – Flexural strength of mortar in lime-water curing and 60% RH curing. 
 
Since the most significant contribution of fiber-reinforcement in concrete or 
mortar with low to moderate fiber content (i.e., volume fractions of up to 2 percent of 
fiber) is not to strength but to flexural toughness [12], post-cracking toughness has also 
been assessed through flexural testing, as shown in Figures 6.10 and 6.11. Although the 
addition of hardwood fiber within the studied range did not enhance the flexural strength 
of the mortar, increased toughness was apparent.  Figure 6.10 illustrates typical load-
midspan deflection curves of USF-reinforced and unreinforced mortar. For SAP-blended 
and plain mortar, the load rose in a fairly linear manner to a peak value and dropped 
sharply.  For USF-reinforced mortar, the initial behavior was linear, but after the first 
crack, a sudden load reduction occurred; the load, however, did not approach zero 
because fibers provided post-cracking ductility.  This finding indicates that eucalyptus 
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fiber may also bridge cracks and potentially improve cracking behavior.  All of the tested 
fiber-reinforced specimens exhibited post-cracking softening behavior in which the 
strength of the first crack was the peak strength. From Figure 6.11, the flexural toughness 
of mortar at 28 days increased by about 0.2 to 0.45 kJ/m2 as fiber volume fraction 
increased from 0.5 to 1%, respectively. It is also noteworthy that the toughness of mortar 
cured in air was about 0.5 kJ/m2 higher than limewater curing, as will be considered in 
greater detail subsequently.  From Figure 6.11, the addition of SAP had slight effect on 
the post-cracking toughness, but the effect was very small when compared to the USF 
case, so that it was considered negligible.  
 
Figure 6.10 – Typical load-deflection curves for USF-reinforced mortar compared with 





Figure 6.11 – Post-cracking flexural toughness of USF-reinforced mortar and SAP-
blended mortar. Note that the post-cracking toughness of the unreinforced control mortars 
is effectively zero and that of SAP-blended mortar is small so that it can be considered 
negligible. 
 
These observations generally support prior findings that the inclusion of plant-
based fibers can improve the toughness of cementitious materials, with toughness 
generally increasing with increasing fiber addition rate coupled with well-dispersed 
reinforcement [58, 172, 173]. These results also show that although eucalyptus pulps are 
short, like longer fibers, they improve toughness by bridging cracks and undergoing a 




Figure 6.12 – a) Optical micrograph of a crack arresting and bridging in a USF-reinforced 
mortar after the bending test and b) photograph of a crack in a 0.75%USF restrained ring 
specimen. 
 
As shown in Figure 6.11, fiber-cement mortars which experienced internal curing 
were significantly tougher than those cured in limewater. The values of the flexural 
toughness of mortar cured in air with fiber volume fractions of 0.5, 0.75, and 1% were 
0.18±0.04 kJ/m2, 0.28±0.02 kJ/m2, 0.43±0.10 kJ/m2, respectively, while that of mortar 
cured in limewater were 0.08±0.02 kJ/m2, 0.18±0.04 kJ/m2, and 0.33±0.07 kJ/m2, 
respectively. This behavior may be related to the influence of curing conditions on the 
fiber-matrix interface.  As reported by Bentur and Akers [174] and Akers and Studinka 
[175], if the microstructure at the interface between the fiber and cement matrix is dense, 
representing good bonding, it will result in high strength but low toughness of the 
cellulose fiber-reinforced composites because of the high extent of fiber failure by 
fracture rather than by pullout.  Although their conclusions are based on a comparison of 
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air curing and autoclave curing, conceptually they are useful in assessing these data, as 
similar trends (e.g., higher strength/lower toughness and vice versa) were observed here. 
6.3.4 Microstructural Characterization 
To better understand the effects of fiber reinforcement and internal curing on 
shrinkage mitigation, surfaces of fractured mortar samples – both internally cured (i.e., 
air cured) and limewater cured – were examined using a variable pressure scanning 
electron microscope (VP-SEM, Hitachi S-3700N). Images were taken immediately 
following the flexure tests.  
Figure 6.13 presents a pair of SEM micrographs of USF-reinforced mortar, 
showing differences in fracture features for the two curing conditions examined.  Dots 
show fiber failures, and crosses indicate fiber-cement interfaces. For the limewater cured 
mortar, not only was fiber pullout seen, but fiber breakage and the separation between the 
primary and secondary cell walls was also clearly observed (in Figure 6.13a). These 
features, related to energy absorption through fiber damage, are indicative of a stronger 
bond between the fiber and cement in the case of limewater curing. The fiber/cement 
interface, shown in Figure 6.13b and indicated by a cross mark, appears denser. In 
contrast, for the internally cured mortar, shown in Figures 6.13c and 6.13d, hydration 
products are apparent on the surface of the fiber. 
The decrease in bonding between the fiber and matrix in the air-cured mortars 
likely results from the change in fiber cross-section as a result of drying. The images 
further suggest that the region around the fibers is perhaps weaker or more porous than in 
the limewater cured samples, where the fiber surfaces are relatively free of 
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mineralization. The decreased physical bonding is also suggested by the reduced amount 
of fiber fracture with internal curing than that of limewater curing.   
 
 
Figure 6.13 – VP-SEM images of the fracture surface of USF-reinforced mortar samples 






Figure 6.13 – VP -SEM images of the fracture surface of USF-reinforced mortar samples 







The effect of fiber-matrix adhesion or bond strength on the mechanical 
performance of fiber-cement composites [119, 120, 176, 177], as well as composites in 
general, is a topic of great interest and importance. Based upon prior work, an abrupt 
reduction in the toughness of the composite with the progressive improvement of the 
fiber to matrix adherence is expected. The bonding across the interface can significantly 
affect the toughness of a composite. In a brittle matrix, a stronger interfacial bond will 
result in higher strength, but it may lead to lower fracture energy absorption and thus 
lower toughness [178].  
In the case of the USF reinforced mortars, with wet curing, a strong bond is 
maintained between the fiber and the interface, resulting in relatively higher strength but 
lower toughness compared to the air-cured mortars. In the air-cured USF mortars, fiber 
collapse along with slight cell wall shrinkage leaves a weaker interfacial bond which will 
dissipate more energy than a strong interfacial bond found in limewater curing.   This 
results in the greater post-cracking toughening apparent when comparing the two curing 
cases for USF mortars.   
Overall, however, these results point to several key behaviors which ultimately 
result in the improved resistance to early-age cracking observed in the restrained 
shrinkage test for the USF fiber cases. In addition to the ancillary effect of internal curing 
on the fiber/cement bond strength and composite toughening, the internal curing afforded 
by the fibers mitigates autogenous shrinkage, apparently more effectively than the SAPs 
examined. As a result, tensile stresses induced are mitigated. This is then further 
compounded by apparent beneficial alterations in mechanical properties due to the 
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presence of the fibers, including an increase in early tensile strength and an increase in 
compliance in the USF-reinforced mortars.  Thus, despite greater mass loss, hardwood 
fiber mortars display greater resistance to early shrinkage cracking through a combination 
of internal curing and mechanical reinforcing effects.  
6.5 Conclusions 
The early-age cracking of mortar and concrete relies on the development and the 
distribution of tensile stresses, the degree of restraint, the evolution of mechanical 
properties, and stress relaxation. Since cracking occurs when the combination of the 
elastic modulus and the shrinkage strain result in a stress state that exceeds its tensile 
capacity [12], the mechanical properties of mortar and concrete – both the elastic 
modulus and the tensile strength – are the most significant parameters in the control of 
cracking. After mortar sets, these parameters are critical at early ages when the mix is 
immature, shrinkage rates are high, and tensile capacity is developing. A series of 
experiments clarifies the role of hardwood eucalyptus pulp in the mitigation of early-age 
cracking by the combination of the increase of early tensile capacity, the reduction of a 
modulus, and the improvement of post-cracking toughness, all of which mitigates the 
early-age cracking.  
From this study, the inclusion of hardwood eucalyptus pulp influences mortar 
mechanical properties in several ways while also providing internal curing, ultimately 
leading to better improved early crack mitigation than the use of SAP at the same 
entrained water content. The effects of short fiber are summarized as follows: 
• Overall, USF pulp has shown to mitigate early-age cracking in restrained 
mortar. The 0.5% and 0.75% USF-reinforcement extended the time-to-
174 
 
cracking in mortars by about 1.6 and 2.3 times as compared to the plain 
mortar, respectively. 
• The inclusion of USF reduces the mortar cracking potential at early ages 
because the greater extensibility provided, along with contribution from stress 
relaxation and stress transfer to the fibers, which combine to enhance the early 
tensile capacity of USF-reinforced mortar.  
• In addition, despite their short length, USF improves post-cracking toughness 
of mortar. Microstructural evaluation has also linked the improved toughness 
to microscale damage at the fiber/cement interface induced during internal 
curing. 
• The addition of USF confines the initial crack width to a size below which 
self-healing is possible in appropriately designed cementitious matrices. The 
initial crack width was decreased by 88% in 0.75%. USF reinforcement.   
 Considering that eucalyptus fibers provide additional tensile capacity and 
toughness at early ages as well as internal curing capacity which mitigates autogenous 
shrinkage, these fibers can mitigate early-age crack. In particular, this approach may be 
especially beneficial in a system with a high cement content and a relatively high rate of 
drying, where the highest tensile stress-to-strength ratios are exhibited at early ages. 
Ultimately, the internal curing performance, the early-age enhancement, the extensibility 
improvement, and the effective crack-bridging of eucalyptus pulp confirm its potential as 
effective reinforcement in a wide range of fine-structured cementitious composites such 











While increases in compressive strength due to internal curing might be expected 
due to enhanced early cement hydration, instead reductions in the compressive strength 
of cementitious composites with internal curing have been reported [179-181]. For 
example, when being used as internal curing agents, pulp-based fibers have been shown 
to reduce compressive strength in cement pastes containing fiber [9], but results are not 
based on fiber-reinforced concrete. Independent of their potential for internal curing on 
compressive strength, reductions in compressive strength of pulp fiber-reinforced 
cementitious composites can result from increased air content, likely due to reduced 
workability, and their potential to clump, acting as pre-existing flaws. While several 
studies have reported a significant loss in compressive strength as the fraction of the fiber 
volume increases [58, 182-184], some have reported little or no significant gain in 
compressive strength with the addition of a small amount of fiber of as much as 1.2 
percent by volume [89, 172, 185]. Since the amount of fiber required for the internal 
curing application in concrete should not exceed one percent by volume of concrete, the 
use of pulps for the internal curing application should reduce the compressive strength of 
concrete only slightly or not at all.  
176 
 
Similarly, a recent publication pertaining to the influence of superabsorbent 
polymers (SAP) on the compressive strength of concrete has clearly mentioned two 
opposite mechanisms: an increase in the number of voids (which will decrease strength) 
and an increase in the degree of hydration (which should enhance strength) [38]. 
Therefore, to minimize the reduction in compressive strength, the use of SAP in concrete 
can be optimized by balancing the effect of air voids with the degree of hydration, which 
implies that the reduction in the compressive strength of internally cured concrete may be 
eliminated by increasing the degree of hydration. Applying this concept to internal curing 
with pulp fibers, the use of hardwood pulps as internal curing agents may offer benefits 
over longer softwood pulps, which are more prone to clumping.  
Several studies have demonstrated the benefits of uniformity dispersion on 
shrinkage and mechanical properties of cementitious composites [11, 186]. Recent 
studies have demonstrated the benefits of hardwood eucalyptus pulps in cementitious 
composites that result from the uniformity in the volumetric dispersion of fibers in the 
matrix [5].  The number of eucalyptus fibers per unit mass is always much higher than, 
and up to seven or eight times as high as, that of softwood fibers [187]. This higher 
number of fibers per unit mass contributes to higher specific surface areas [188] that may 
serve as nucleation sites for hydrating cement and result in a higher strength gain.  
Therefore, eucalyptus pulp’s reinforcing capacity combined with its internal curing 
performance could offset potential losses of compressive strength caused by the addition 
of fiber, which could be further compensated for at early ages by increases in the rate of 
cement hydration due its high number of nucleation sites [189]. The relative short fiber 
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length (i.e., low aspect ratio) of eucalyptus fibers compared with softwood pulps also 
reduces the potential for fiber clumping and entanglement.  
If the compressive strength of pulp-fiber reinforced concrete can be made 
adequate, it is also important to understand the implications of this internal curing 
strategy on long-term performance. Several studies have shown the effects of pulp fibers 
on the durability of concrete [190-192]. Although cellulose fibers have also been found to 
reduce the permeability to water, and based upon those results it was calculated that 
chloride ion diffusion coefficient would also be decreased. However, it should be realized 
that cellulose-based fibers, unlike polymer and steel fibers, are hygroscopic and also are 
semi-permeable membranes, properties which may affect the migration of moisture and, 
ultimately, ions in concrete.  
Furthermore, in general, standards recommend that test samples be stored in lime-
saturated water or water. As a result, prior examinations of transport in such composites, 
which have relied upon standard tests, have excluded the effect of drying and internal 
curing that may alter the microstructure of concrete.  That is, results based solely on fully 
cured specimens, as presented in [193, 194], may not represent actual in-service concrete, 
where pulp fibers are used for internal curing. 
This chapter explores the concept that the use of a proper type of pulp fiber, or 
hardwood eucalyptus pulp as in this study, at a proper dosage as an internal curing agent 
should preserve the compressive strength of internally cured concrete. Therefore, one aim 
is to evaluate the effect of hardwood pulp as an internal curing agent on the compressive 
strength of concrete. The results of internally cured pulp-cement concrete are compared 
with those of SAP-blended concrete with the same amount of entrained water. Moreover, 
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to further elucidate the use of hardwood pulp in concrete, if hardwood pulp-reinforced 
concrete does not exhibit a significant reduction in compressive strength, the transport 
properties of the composite are also determined. These results allow users to optimize the 
application of hardwood pulps in concrete structures to achieve both adequate strength 
and long-term durability.  
7.2 Materials and Methods 
7.2.1 Materials 
The wood pulp used in this study was conventional unrefined unbleached 
eucalyptus kraft pulp fiber (UKF) collected from a commercial kraft pulping process in 
Southeast Asia. The as-received pulp moisture content (dry basis) was 402%, according 
to the ASTM D4442-07 standard [98]. The apparent specific gravity of dry pulp was 
assumed at 1.5 g/cm3 [172]. Since the UKF was chemically treated, it was high in 
cellulose and low in lignin. The kappa number of the UKF used in this study was 25, 
which was equal to a total residual lignin content of 3.82 percent.  
The superabsorbent polymer was a cross-linked acrylamide/acrylic acid 
copolymer, the most predominant type of SAP used for internal curing [44]. The SAP 
(Watersorb®), in powdered form, was added to dry cement prior to mixing. The 
absorption capacities of UKF and SAP, determined by a consistent method used in [97], 
were 2 and 10, respectively [139].  The absorption capacity of SAP was close to that 




Concrete samples were prepared using commercially available portland cement 
ASTM C150 Type I/II (Lafarge, North America), natural siliceous sand with fineness 
modulus of 2.4 (Atlanta, Georgia, USA), #67 crushed granite coarse aggregate 
(Cartersville, Georgia, USA), and tap water. The absorption capacities, the moisture 
contents, and the specific gravities at the saturated surface dry (SSD) condition of the 
natural sand and the crushed granite were 0.87% and 0.58%, 0.02% and 0.20%, and 2.5 
and 2.65, respectively. The dry rodded unit weight of the crushed granite was 1,570 
kg/m3 (98 lb/ft3.) The oxide analysis of cement was performed by x-ray fluorescence 
(XRF, Bruker AXS S8 Tiger) spectrometry and the crystalline phases of cement were 
determined by performing quantitative x-ray diffraction analysis (QXRD, Bruker AXS 
D4 Endeavor) with the Rietveld method using TOPAS software. The oxide composition 
of the cement was (percentage by mass) 19.73% SiO2, 4.82% Al2O3, 3.16% Fe2O3, 
62.41% CaO, 3.64% MgO, 2.99% SO3, 0.08% Na2O, 0.48% K2O, and 2.27% LOI. The 
crystalline phase composition of the cement was (percentage by mass): 52.6% alite, 
20.7% belite, 3.7% aluminate, 11% ferrite, 0.1% lime, 2.3% portlandite, 2.6% periclase, 
0.6% arcanite, 0.4% aphthitalite, 0.9% gypsum, 2.4% bassanite, and 2.7% calcite. To 
enhance the workability of the concrete mixes, a high efficiency polycarboxylate-based 
superplasticizer (ADVA140 from WR Grace), was added at various dosages to obtain 7-
10 cm (approximately 3-4 in) slump of concrete.  
Concrete samples were mixed at a water-to-cement ratio (w/c) of 0.30 and 0.40, 
according to mix designs shown in Table 7.1. While the mix design of the concrete with 
w/c of 0.30 was proportioned according to the ACI211.4R-93 procedure, that of concrete 
with w/c of 0.40 was proportioned according to the ACI211.1-91 procedure. The masses 
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of water for the concrete samples that contained internal curing agents were adjusted to 
account for the amount of the water available for internal curing, to maintain a constant 
“entrained water”-to-cement ratio (we/c) of 0.02. The amount of entrained water depends 
on the amounts of USF and SAP in the mortar as well as the intrinsic properties of these 
agents [40, 44, 127].  
Table 7.1 – Base mixture proportion of concretes on an oven-dry basis (kg/m3). 
Mixture 








w/c 0.3 564  169 - 1130 513 - - 
UKF 03 564 169 11.3 1130 513 5.65 - 
SAP 03 564 169 11.3 1130 513 - 1.13 
w/c 0.4 468 187 - 1035 634 - - 
UKF 04 468 187 9.36 1035 634 4.7 - 
SAP 04 468  187 9.36 1035 634 - 0.93 
1 The weights of the coarse aggregate, the fine aggregate, the UKF, and the SAP are oven-dry weights. 
2 Internal curing water (IC water) does not participate in the lubrication of the mix. Therefore, IC water is 
treated as an addition to mixing water. 
3 The volume fractions of the UKF added to the concrete mixes with a w/c of 0.30 and 0.40 were 0.38 and 
0.31 percent, respectively. 
 
7.2.2 Mixing and Curing Methodology  
Concrete was mixed in an 85-liter capacity high shear mixer (Eirich Model R 08 
W). Dry ingredients were first mixed at 150 rpm for two minutes. Water was then added 
slowly to the dry premix over a period of two minutes. Then, the mixing speed was raised 
to 300 rpm and allowed to mix for two minutes. The slump of concrete was then tested, 
and, if required, the superplasticizer was added to adjust the slump, and the concrete was 
mixed for another three minutes. For fiber-concrete mixes, the UKF was dispersed in the 
mixing water at 120 rpm prior to the mixing. 
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After mixing, the concrete samples were cast in 76.2x152.4 mm (3x6 in) and 
101.6x203.2 (4x8 in) cylinder molds for compressive strength and chloride permeability 
tests, respectively. The samples were compacted in three layers, each tamped 25 times 
using a compacting rod. These cylinders were demolded at 24 hours and kept in two 
curing conditions until the time of testing.  While the specimens for water curing were 
placed in a lime-saturated tank at 23±2oC (73.5±3.5oF), those for air curing were placed 
on open shelving in laboratory conditions, where the temperature averaged 23±2oC 
(73.5±3.5oF) and the relative humidity averaged 45±5%. 
7.2.3 Test Methodology 
The compressive strength of concrete was measured at 1, 3, 7, 14, 28, and 56 
days. Using a hydraulic compression-testing machine with a load rate that corresponded 
to a stress rate of 0.25±0.05 MPa/s (35±7 psi/s), the test was conducted in compliance 
with the ASTM C39-14 [195] standard on 76.2x152.4 mm (3x6 in) cylinders.  
In a series of experiments, the effects of the inclusion of UKF and SAP on the 
resistance of concrete to chloride ingress were determined. The concretes were evaluated 
by ASTM C1202-12 [196] to assess their rapid chloride ion permeability at 56 days of 
age on two 50.8 mm (2 in.) thick slices of 101.6 mm (4 in.) diameter concrete cylinders. 
In addition, the surface resistivity of the limewater curing samples was also 
nondestructively monitored by a 38 mm (1.5 in) 4-point Wenner probe (Resipod, Proceq) 
according to ASSHTO TP 95-11. Finally, the bulk diffusion test (ASTM C1556-11 
[197]) was performed on the concrete samples with w/c of 0.30. After curing for 180 
days, the specimens were cut, their surfaces and the bottoms were sealed with silicone 
sealant, and they were placed in a limewater bath. After their mass stabilized, they were 
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placed in a 165 g/L sodium chloride solution for 90 days. After this exposure period, 
profile grinding was performed on the sample, and the total chloride concentration of 
each 2 mm (0.079 in) increment was determined according to ASTM C1152-04 (2012) 
[198]. To determine an apparent diffusion coefficient Da (m2/s), the results were analyzed 
by performing a non-linear regression analysis fitting to the equation of diffusion in 
concrete, shown in Eq. 7.1, in which known parameters were the chloride concentration 
of concrete (C (x,t), % ), the surface chloride concentration of concrete (Cs, %), the initial 
chloride concentration of concrete (C0, %), depth below the exposed surface (x, m),  the 
exposure time (t, s), and the error function (erf). 
 𝑀𝑀(𝑥𝑥, 𝑡𝑡) = 𝑀𝑀𝑠𝑠 − (𝑀𝑀𝑠𝑠 − 𝑀𝑀0) ∙ 𝑒𝑒𝐹𝐹𝑓𝑓 �
𝑥𝑥
�4 ∙ 𝐷𝐷𝑚𝑚 ∙ 𝑡𝑡
� Eq. 7.1. 
   
7.3 Results 
7.3.1 Compressive Strength of Concrete  
Figures 7.1, 7.2, and Table 7.2 present the evolution of the compressive strength 
of concrete samples with and without internal curing agents, examining two curing 
conditions (curing in limewater vs. curing in air). For samples cured in limewater, where 
internal curing effects would be minimized, strengths were similar for the control and 
UKF concrete at most of all ages, but the addition of SAP produced lower strength. This 
reduction in compressive strength was more notable in w/c 0.30 concrete mixes than in 
w/c 0.40 concrete mixes, as about 20% and 10% reductions were found at 56 days in SAP 
concrete mixes with w/c of 0.30 and 0.40, respectively. Similar severe strength reduction 
of SAP concrete has been reported in [199] while the increase in compressive strength in 
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cellulose fiber-reinforced concrete has been reported in [185]. Likely, the variation in 
strength is related to stress concentrations resulting from these inclusions, which are 
relatively larger for the SAP, particularly since good dispersion of the fibers was 
achieved. As the 1 day strength was significantly lower than that of the control sample, it 
is also possible that some delay in hydration reaction occurred in UKF concrete with w/c 
of 0.30. However, the compressive strength of UKF 03 concrete at 3 days and beyond 
was comparable to that of the w/c 0.30 concrete.  
In this study, the compressive strength of concrete cured in open-air conditions is 
used to probe the efficiency of internal curing with USF and SAP at increasing degree of 
hydration.‡‡ First, from Figures 7.1 and 7.2, as expected, the curing conditions had a 
significant effect on the compressive strength of concrete, especially in concrete with w/c 
of 0.40. Concrete samples with w/c of 0.40 exhibited a greater reduction in strength than 
concrete samples with w/c of 0.30 when comparing limewater and air curing. The 
reductions of compressive strength at 56 days were about 31 and 17 percent for concrete 
samples with w/c of 0.40 and 0.30, respectively. As no significant strength gain appeared 
in both w/c 0.30 and w/c 0.40 concretes, the benefit of internal curing at increasing the 
degree of hydration by using SAP was not apparent during this test period.  
However, while internal curing did not appear to benefit strength for concrete 
mixes at w/c of 0.30, its effect was noticeable in the UKF concrete with w/c of 0.40. At 
w/c of 0.30, the strength of UKF concrete specimens was similar to that of the control. 
‡‡ Due to the hygroscopic nature of wood pulps, one may be concerned that the moisture state of a sample at 
the time of test might affect its compressive strength. However, at the fiber volume fraction of up to 2 percent, 
El-ashkar et al. [161] have reported no clear differences between the compressive strength of wood pulp-
cement mortar samples tested in wet or air-dry conditions. Therefore, in this study the effect of testing 
condition on the compressive strength of UKF concrete should be minimal and the test results should reflect 
the effects of curing on the compressive strength of such concrete.  
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However, at w/c of 0.40, UKF concrete exhibited the higher strength, approximately up 
to 11 percent, than that of the control, as shown in Figure 7.3.  
 
Figure 7.1 – Effects of UKF and SAP on the development of compressive strength of 







Figure 7.2 – Effects of UKF and SAP on the development of compressive strength of 
















































1 64.85 64.85 100.00   
w/c 
0.4 
1 28.10 28.10 100.00   
3 73.78 74.17 100.53 13.78 14.38 3 39.82 38.13 95.75 41.71 35.69 
7 82.40 78.77 95.60 27.08 21.48 7 47.78 44.27 92.65 70.03 57.54 
14 83.68 79.54 95.06 29.04 22.66 14 56.11 47.83 85.26 99.65 70.22 
28 93.27 85.94 92.14 43.84 32.53 28 60.98 47.31 77.59 117.01 68.37 
56 99.53 82.01 82.40 53.49 26.47 56 67.50 46.31 68.61 140.19 64.80 
UKF 
03 
1 55.99 55.99 100.00   
UKF 
04 
1 28.56 28.56 100.00   
3 73.82 70.62 95.67 31.85 26.13 3 39.90 38.57 96.68 39.71 35.06 
7 81.10 79.18 97.63 44.85 41.42 7 47.65 46.12 96.78 66.85 61.48 
14 80.63 80.53 99.87 44.02 43.83 14 58.29 51.01 87.51 104.10 78.60 
28 93.60 83.26 88.95 67.18 48.71 28 60.09 52.31 87.06 110.38 83.15 
56 98.89 83.99 84.93 76.63 50.01 56 62.97 49.02 77.85 120.49 71.65 
SAP 
03 
1 47.05 47.05 100.00   
SAP 
04 
1 26.36 26.36 100.00   
3 55.46 55.24 99.61 17.86 17.39 3 35.53 36.37 102.36 34.80 37.98 
7 64.40 59.43 92.29 36.87 26.31 7 45.34 41.10 90.65 72.02 55.93 
14 71.32 65.57 91.94 51.58 39.36 14 51.87 45.86 88.42 96.79 73.99 
28 74.99 63.15 84.22 59.37 34.22 28 57.07 45.68 80.04 116.53 73.30 




Figure 7.3 – Effects of internal curing provided by UKF on the compressive strength of 
concrete with w/c of 0.30 and 0.40 as percentage of the compressive strength of control 
concrete specimens cured in limewater. 
 
Since samples underwent both self-desiccation and drying, the effectiveness of 
internal curing at increasing degree of hydration might not be apparent. Discussions in 
previous paragraphs are based on the comparison of the compressive strength of 
internally cured samples with that of the control sample. However, if we focus on the 
development of compressive strength after 1 day of age, the results may indicate the 
effects of curing condition, water-to-cement ratio, and internal curing on the hydration of 
cement. Table 7.2 presents the ratio of the compressive strength of air cured samples to 
that of the limewater cured sample (%), and the strength gain of both air cured samples 
and limewater cured samples (%). As the ratio of the compressive strength of air cured 
samples to lime water cured samples at w/c of 0.30 are similar, the table confirmed that 
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the internal curing seems not to benefit strength for concrete mixed with w/c of 0.30. 
However, since the ratio of the compressive strength of air cured samples to lime water 
cured samples with w/c of 0.40 are different, the internal curing efficiency of UKF 
appears to be more effective. At 28 days, the ratios of the compressive strength of air 
cured samples to that of the limewater cured samples of w/c 0.4, UKF 04, and SAP 04 
were about 77%, 87%, and 80%, respectively. After 1 day of age, the development of 
strength of concrete samples with nominal w/c of 0.40 was better than that of concrete 
samples with nominal w/c of 0.30, which suggests the effect of a curing condition on the 
hydration of cement. 
Giving that the hydration reaction of cement paste ceases at an internal relative 
humidity below 80% [200], this perhaps indicates that, for concrete sample with w/c of 
0.40, while undergoing air curing, the hydration reaction of UKF-concrete samples 
proceeded continuously since a higher internal RH was maintained in the specimens. The 
behavior was also observed in SAP concrete, in which, at w/c of 0.40, the difference of 
compressive strength between SAP concrete samples and control samples cured in air was 
lower than that of the samples cured in limewater, as shown in Figure 7.2. Also, at w/c of 
0.30, neither the UKF nor SAP concretes exhibited higher compressive strength than 
control concrete specimens during air curing. It can only be assumed that this is due to 
inadequacies in the amount of entrained water or the quality of the internal curing in w/c 
0.30 concrete samples.  From Figure 7.1, it is clearly seen that the strength development 
occurred quite rapidly at very early age, suggesting that a higher amount of we/c than 0.02 




7.3.2 Resistance to Chloride Ingress 
Recent studies have demonstrated that supplementary cementitious materials 
(SCMs) can be used to overcome concerns surrounding potential degradation of wood 
fibers in cement-based composites [201], providing more confidence in the durability of 
pulp-fiber reinforced concrete.  But, the issue of permeability and chloride ingress – and 
the potential role (if any) – of the fibers in transport must also be considered. 
Recent studies on permeability of pulp fiber-reinforced concrete have suggested 
that the permeability pulp fiber-reinforced concrete, both in the unstressed and stressed 
states, is lower than that of plain concrete [191, 192]. Another study has further 
demonstrated that cellulose fibers bind with chloride ions, which reduces the amount of 
free chloride in concrete, and thus corrosion of embedded steel is delayed [194]. 
However, most of the samples in these studies pertaining to permeability of concrete 
were moist cured in lime-saturated water, which might not simulate the actual curing 
conditions in the field. Since cellulose-based fibers are hydrophilic, their properties 
depend on moisture state and also moisture history. Therefore, in this study, to elucidate 
the effects of moisture history (i.e., curing condition) on the permeability of pulp-
reinforced concrete, a series of standard tests to indirectly assess permeability and the 
resistance to chloride ingress were performed.  
Figure 7.4 shows the development of surface resistivity of concrete while 
experiencing limewater curing. According to AASHTO TP 95-11 [202], the surface 
resistivity results, in this study, fall in the low, moderate, and high categories. While the 
w/c 0.30 concrete exhibited the highest surface resistivity at about 25 kOhm-cm, the 
UKF04 concrete exhibited the lowest at a surface resistivity of about 9 kOhm-cm. The 
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addition of UKF and SAP led to a decrease in surface resistivity at both w/c.  Neglecting 
any potential effects of internal curing of pore solution composition. Since surface 
resistivity is inherently related to the electrical conductance (or resistance) of concrete 
[203], the lower surface resistivity values of both UKF and SAP concrete indicate greater 
connectivity in the flow path for electrical current than in plain concrete. The reductions 
in surface resistivity suggest that SAP particles (or resulting void space) and fibers might 
act as an interconnected flow path for electricity.  
The evolution of surface resistivity of mortar samples, containing either SAP or 
eucalyptus pulp, was monitored, as shown in Figure 7.5.  All mortar samples were 
produced at a sand-to-cement volume ratio (s/c) of 1.5 and had the same nominal w/c of 
0.40 but different amount of entrained water. These were obtained by varying the amount 
of fiber used (i.e., 0.5%, 0.75%, and 1% by volume of the original mix) or the amount of 
SAP (i.e., 0.1%, 0.15%, and 0.2% by weight of cement). For both the USF and SAP 
mortars, these are then equivalent to entrained water-to-cement ratios of 0.01, 0.015, and 
0.02, respectively. All samples were cast in 101.6x203.2 (4x8 in) cylinder molds and 
cured in limewater.§§ 
 
§§ Since the surface resistivity measurement requires a surface to be saturated or conditioned to nearly 
saturated for a good correlation between concrete resistivity and chloride diffusivity [204], we did not 
perform the test on air-cured specimens.  
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Figure 7.5 – The development of surface resistivity of limewater cured mortar specimens 
with nominal w/c of 0.40. 
 
From Figure 7.5, at early ages, while the addition of SAP – particularly at rates 
greater than 0.1% – appeared to slightly impact surface resistivity, the inclusion of 
eucalyptus pulp decreased the surface resistivity of mortar samples more substantially. At 
28 days, the surface resistivity of w/c 0.40 mortar was 8.03±0.07 kOhm-cm, whereas 
those of the eucalyptus-reinforced mortar at the fiber volume fraction of 0.5%, 0.75%, 
and 1% were 4.93±0.19, 4.13±0.08, and 3.80±0.07 kOhm-cm, respectively.  Results 
show that the reduction in surface resistivity is related to but perhaps not directly 
proportional to the volume fraction of fibers. 
Dry wood pulp fibers are insulators. However, in a cement matrix, pulp fibers 
carry electrolytic pore solution ions in their structures (i.e., lumen and cell wall) and act 
as alternative flow paths for a current applied by Wenner array. Likewise, SAP particles 
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also interact with the pore solution and influence resistivity. But, the effects of the two 
agents on resistivity are clearly different, and it is proposed that the internal curing 
capacity and geometry of these agents are the underlying sources for these variations in 
resistivity.  
Due to its much higher absorption capacity, for the same amount of internal 
curing water, SAP is added in a much smaller dosage than wood pulp. Therefore, the 
average distance between SAP particles is higher than that of wood pulp. Moreover, their 
morphology is another important factor that should be considered. Unlike a SAP particle 
that has spherical-like shape, higher aspect ratio of a fiber (for this study, the aspect ratio 
of SAP is ~1, while that of the eucalyptus pulps is ~60-70) contributes to the formation of 
a continuous or more continuous path. Fibers can also bridge the capillary pores of 
cement and hence increase the flow of electrons through the concrete or mortar. 
Therefore, when wood pulps are added to concrete and mortar, the surface resistivity of 
fiber-blended composites is substantially reduced. Figures 7.6 and 7.7 illustrate the 
distribution of SAP and UKF in mortar samples. Both samples have the same entrained 
water-to-cement ratio of 0.015.  Samples were polished with silicon carbide grinding 
paper with sequential grit sizes of 240, 320, 600, and 1200 using Automet lapping oil 
(Buehler) as a lubricant. Specimens were rinsed with ethanol for 4 minutes and dried in 
an oven at 40oC. Images of polished samples were acquired with a Hitachi S-3200N 
variable pressure scanning electron microscope (VP-SEM). From the figures, while the 
size of SAP particles is in hundreds of a micron, that of the pulp is in tenths of a micron. 
Only one particle of SAP presents under the field of view whereas several fibers appear. 












Figure 7.7 – VP-SEM images of 0.75% pulp- mortar samples. 
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Overall, results from this study suggest that surface resistivity may not be an 
appropriate test, at least as currently performed, for the indirect assessment of 
permeability in wood pulp-reinforced concrete. But, it is not clear if this effect is an 
“artifact” of the test method or if it truly influences moisture and ionic transport in pulp-
fiber reinforced cementitious composites in a way which meaningfully alters service life.  
To further examine this, results from a different indirect test RCPT performed on 
concrete specimens, both cured in limewater and air, are shown in Figure 7.8. All air 
cured specimens exhibited greater charge passed than that of limewater cured specimens, 
as expected. However, from the figure, at w/c of 0.30, the curing condition does not seem 
to affect plain and SAP concrete, which agrees with the compressive strength data for 
these concretes, which showed little effect of curing on strength at w/c of 0.30. But, 
curing does significantly affect RCPT values for UKF concrete at the lower w/c. In 
contrast, the effect of curing condition was pronounced in concrete mixes at w/c of 0.40, 
with limewater curing producing lower RCPT values for each case but with internal 
curing agents generally resulting in higher RCPT values than the control in the air-cured 
case.  
Similar to the surface resistivity results in Figures 7.4 and 7.5, the RCPT also 
appears to show sensitivity to the presence of internal curing agents, but especially the 
pulp fibers.  This is likely because wood pulp fibers, particularly given their aspect ratio 
and relatively large number fraction as well as their capacity for binding water and ions 
from the pore solution, can contribute to the connectivity forming the electrical path 
between the two ends of a sample.  
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Therefore, to more completely assess the effects of the UKF and SAP internal 
curing agents as well as the effect of curing conditions on transport, the apparent chloride 
diffusion coefficient of concrete samples at w/c of 0.30 was determined. From the results 
in Table 7.3, all diffusion coefficients range within an order of magnitude, except for w/c 
0.30 concrete cured in limewater, which is lower. The results also showed that air-cured 
specimens had a higher diffusion coefficient than limewater-cured specimens, as 
expected [43]. Among concrete mixes, the effect of curing condition seems strongest for 
ordinary w/c 0.30 and lowest for UKF concrete. That is, the diffusion coefficients of air-
cured samples were about 4.87, 1.93, and 2.75 times higher than that of limewater cured 
samples for w/c 0.3, UKF03, and SAP03 concretes, respectively. Overall, however, the 
presence of internal curing agents appears to result in a slight increase in chloride 
diffusion coefficient during air curing, relative to ordinary concrete. 
In addition, using the Life 365 service life prediction model, the expected 
corrosion initiation time of a structure was estimated. With a chloride threshold limit 
(CTL) of 0.05% by weight of concrete, the Life 365 estimates were based on a 50.8 mm 
(2 in.) cover distance of a 508 mm (20 in.) square pile exposed in Atlanta, Georgia. 
Neglecting the effects of chloride binding and the reduction of apparent diffusion 
coefficient caused by the continued maturation of the concrete, the calculation provides a 
more conservative estimate of the corrosion initiation time. From Table 7.3, although the 
w/c 0.30 concrete provided the longest service life, its initiation time decreased 
significantly when the sample was cured in air. However, the UKF concrete seems to 
have the shortest service life but it also least affected by curing condition. In fact, the 
differences between limewater curing and air curing of w/c 0.30 concrete, UKF concrete, 
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and SAP concrete were about 20, 4, and 8 years respectively. Results also show that the 
UKF and SAP concretes that underwent air curing initiated corrosion almost at the same 
time.  This suggests that internal curing, producing pore structure refinement through 
enhanced hydration and contributing to decreased microcracking due to shrinkage 
mitigation, influences the results for the UKF and SAP concretes.  
The role of ion absorption by the internal curing agents, however, should be 
considered, as this can increase the concentration of chlorides. However, it is not clear if 
chlorides bound to fibers or SAPs are available to participate in corrosion reactions. As 
also reported in [194], because they can bind chlorides to their structure although 
cellulose fibers increase the coefficient of apparent (total) chloride diffusion, they 
decrease the effective (free) chloride diffusion. Since only free chlorides are responsible 
for corrosion initiation, giving that the main constituent of UKF pulps is cellulose, the 





Figure 7.8 – Effects of UKF and SAP on RCPT charge in concrete samples with w/c of 
0.30 and 0.40. 
 
Table 7.3 – Diffusion coefficient from bulk diffusion test (m2/s) and corrosion initiation 
time from Life 365 model (yrs). 
 
Diffusion coefficient 
















w/c 0.3 3.61E-12 7.41E-13 28 49.4 31.5 54.2 
UKF 03 6.96E-12 3.62E-12 23.8 27.9 27.1 31.5 
SAP 03 5.95E-12 2.16E-12 24.7 32.7 28 36.5 
 
Because cellulose fibers are hygroscopic and act as semi-permeable membranes, 
their properties relate to their moisture state and history of exposure to water or solutions. 
These characteristics can then influence their behavior in fiber-reinforced cementitious 
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composites such as concrete, as shown in this study. As a result, the curing condition 
employed in standard testing, while it may follow standard specifications, may not 
represent the actual curing condition in the field. Further, since wood pulp fibers in 
cement matrix can also be alternative flow paths for a current that is applied according to 
surface resistivity and RCPT tests, these experimentally-derived measures tend to 
overestimate permeability, at least at the fiber contents examined here. Moreover, 
although cellulose-based fiber appeared to contribute to increase the coefficient of 
apparent (total) chloride diffusion of a concrete cylinder, one should note that these 
specimens did not contain visible cracks, which also generate alternate flow paths that 
allow more water and deteriorating substances into concrete and its reinforcements. Since 
using cellulose pulp as internal curing reduces early-age cracking potential and hence 
reduces cracks, if such fibers mitigate cracking in a more restrained condition, it may 
eventually improve the service life of a concrete structure. Moreover, one study has 
reported that cellulose fibers can bind the chlorides and reduce the amount of free 
chlorides, which ultimately decreases the coefficient of effective (free) chloride diffusion 
of concrete [194]. Together with the findings in this study, it indicates the need for 
further studies on the role of pulps in corrosion of rebar. Such studies would account for 
the internal curing performance of pulps, the effects of curing condition, and the effects 







7.4 Conclusions  
Since compressive strength is a fundamental property of concrete and often is the 
primary requirement in the job specification, it is an important parameter to consider 
when developing internal curing materials and identifying their appropriate dosages.  
This study evaluates the effects of hardwood pulp, as an internal curing agent, on 
concrete properties – compressive strength and permeability – both of which are common 
criteria for performance specifications in concrete. Results from UKF concrete cured in 
limewater and in air (where internal curing would be more influential) are compared with 
those gathered from plain concrete and companion SAP concrete that had the same 
amount of we/c of 0.02. From these experiments, these conclusions may be drawn: 
• The addition of UKF did not adversely affect the compressive strength of 
concrete, unlike SAP. In fact, the results suggest some enhancement of the 
hydration reaction in UKF concrete that compensated for the reduction of 
compressive strength caused by decreased workability or fiber clumping.  
• Because an interconnected flow path for electricity and ions may be occur in 
the distributed fiber system, standard tests for indirect assessment of 
permeability may not be appropriate for assessment of durability in systems 
containing absorptive fibers. 
Testing concrete in a saturated condition, as required by most standard direct or 
indirect tests for diffusion and permeability, can lead to overestimates of these parameters 
for concretes containing absorptive fibers, because of the potential for wicking and the 
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formation of an interconnected flow path. Therefore, a new test method is necessary for 








The use of hardwood pulps in cementitious materials has been examined in this 
research. This chapter presents global conclusions, key findings, recommendations and 
possible future research topics. 
Overall, this study demonstrated that eucalyptus pulps can be used for internal 
curing applications to reduce early shrinkage caused by self-desiccation. The efficiency 
of such pulp is more strongly related to physical morphology than chemical composition, 
for the materials and mixture proportions examined. Pulp that has thicker cell wall is 
more suitable for internal curing than pulp that has thinner cell wall, as suggested by the 
relation between autogenous shrinkage and the physical morphology and also the NMR 
measurements. The NMR results indicate that pulps lose free water in their lumen within 
25 h of hydration and, thus, only water that is held in the cell wall is available for further 
hydration. Results from fiber-cement interaction studies suggest that eucalyptus pulps 
acts as semi-permeable membrane in cement pore solution and serve as nucleation sites 
for precipitation of hydration products. The ability to improve hydration reaction is 
confirmed later by compressive strength of concrete. Unlike LWA and SAP, eucalyptus 
pulps mitigate early-age cracking without compromising the compressive strength, within 




8.1.1 Internal Curing Performance of Eucalyptus Pulps 
Internal curing of eucalyptus pulps is related more strongly to their physical 
morphology than chemical composition, as measured by cellulose-to-hemicellulose ratio. 
A slower rate of entrained water release is preferable for internal curing of hardwood 
pulps. The soda pulps, both unbleached and bleached, with their thicker cell wall and 
higher HR water content were more effective for internal curing than kraft fibers. Semi-
chemical pulp is not suitable for internal curing applications due to damage to the fibers 
from mechanical treatments during pulping process which resulted in fiber fracture and 
some fiber bundles. The partial defiberization and the poorly dispersible bundles limit 
their internal curing capability of semi-chemical pulp.  
8.1.2 Early-age Interaction between Eucalyptus Pulps and Cements 
From the analysis of T2 relaxation of internally cured eucalyptus pulp-cement 
pastes, it was found that free water in the fiber lumen structure is released within 25 h of 
hydration. This confirms that uniformly dispersed fibers can provide from their lumens  
entrained free water that is readily available for internal curing. For the hydration beyond 
25 hours, free water in small cell wall pores and bound water in the cell wall are 
responsible for mitigation of self-desiccation of a cementitious matrix. Therefore, the 
study supports the finding that wood pulp, within the same species, that has a thick cell 
wall benefits more for internal curing applications as it can retain water in its structure to 
mitigate further self-desiccation beyond 25 h of hydration.  
Results from sorption measurements suggest that chemical wood pulps behave as 
a semi-permeable membrane, in which the greatest binding – in terms of reduction in 
concentration – occurred for the most abundant cation. Therefore, their sorption 
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properties depend on the binder composition (e.g. cement type), which in turn influences 
the pore solution composition. In both cement pore solution studies, the most abundant 
cation was preferentially bound by the fiber. That is, in gray cement pore solution, more 
K+ was taken up, but in white cement pore solution, more Ca2+ was.  
The surface analysis also shows the precipitation of small discrete particles on the 
surface. Observations by XPS show that these particles are calcium-rich phases which 
may include calcium silicate hydrate, calcium hydroxide and sulfate-containing calcium 
hydrate phases. These precipitants may facilitate hydration reaction at early ages and thus 
increase the early chemical shrinkage of wood pulp-cement samples.  
Altogether, several mechanisms contribute to early age internal curing. First, 
when mixed with cement, pulp absorbs pore solution ions in its cell wall, in which 
selectivity depends on pH and initial ion concentration of the pore solution. Then, when 
self-desiccation occurs, hydrating cement paste consumes water from wood pulp by 
capillary draw, water vapor diffusion, and osmosis. Within 25 h of hydration, free water 
is desorbed from the lumen by capillary draw and water vapor diffusion resulting from 
humidity gradient between wood pulp and self-desiccating capillary pores. From the 
study, for the case of eucalyptus pulps, perhaps only free water in small wall pores and 
bound water are available for further hydration reaction beyond 25 h of hydration. 
Depending on the type of ions being absorbed in the cell water, since the composition of 
pore solution changes during hydration reaction, specifically after 25 h of hydration, 
water can also be transported through the fiber’s cell wall by osmosis. In addition, since 
calcium-containing products will precipitate on the surface of pulp, the presence of pulp 
may increase the rate of hydration or be involved in osmosis process. The selective 
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adsorption and precipitation ultimately affect the internal curing performance of such 
pulps in a cement pore solution and hydration behaviors of pulp-cement composites as 
the changes in the concentration creates an osmotic flow. 
8.1.3 The Effect of Eucalyptus Pulp on Mortar Properties 
 Eucalyptus pulp improves the restrained shrinkage behavior of mortar at early 
ages. That is, the 0.5% and 0.75%  pulp-reinforced mortars exhibited a lower rate of 
restrained tensile stress development and lengthened time-to-cracking of about 1.6 and 
2.3 times as long as the control mortar, respectively. The initial crack width also 
decreased by 88% in 0.75% USF reinforcement samples, which suggests the possibility 
of assisting self-healing in an appropriately   designed mix and under appropriate 
environmental conditions. The key behaviors that contributed to the improved resistance 
to early-age cracking were identified as the combination of a reduction in self-desiccation 
shrinkage, an increase of early-age tensile capacity, reduction in composite modulus, and 
an improvement of post-cracking toughness. Microstructure observation also reveals that, 
when undergo air curing, fiber collapse along with slight cell wall shrinkage leaves a 
weaker interfacial bond that can dissipate more energy and, thus, improve post-cracking 
toughness.  
8.1.4 The Effect of Eucalyptus Pulp on Concrete Properties 
Unlike superabsorbent polymers, depending on curing conditions, eucalyptus pulp 
was found not to reduce compressive strength of concrete. However, any enhancements 
were modest: while the compressive strengths of UKF concrete cured in limewater were 
similar to that of ordinary concrete, the strengths of UKF concrete cured in air were about 
11% higher than that of the control concrete. The improvement of compressive strength 
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of eucalyptus pulp over SAP can result from its properties that act like semi-permeable 
membrane and its ability to provide nucleation sites on the surface. 
The surface resistivity, RCPT, and bulk diffusion results from air cured samples 
demonstrate that at dosages of 0.31 to 0.38 % by volume of concrete (or 2% by mass of 
cement), the hardwood fibers can provide a connected flow path for electron migration. 
Therefore, values obtained from an electrical migration test may underestimate the 
anticipated performance of wood pulp concrete. Particularly given the aspect ratio and 
relatively large number fraction of hardwood pulps as well as their capacity for binding 
water and ions from the pore solution, pulp can provide a percolation path for election 
migration during indirect assessments of permeability.  
When obtained from saturated cured sample, the addition of eucalyptus pulp 
increases the coefficient of chloride diffusion because of the potential for wicking and the 
formation of an interconnected flow path. However, the coefficient of chloride diffusion 
and the initiation time for corrosion, obtained from air cured samples, confirm pore 
refinement through enhanced hydration and contributions of decreased microcracking 
due to shrinkage mitigation. 
 
8.2 Recommendations 
The study presents some aspects of using renewable hardwood eucalyptus pulps 
in cementitious materials and their behaviors. Along with the key mechanisms controlling 
internal curing efficiency as well as the early-age interaction, the use of eucalyptus pulps 
as internal curing agents of cement paste, mortar, and concrete is reported. Critical to the 
result is verification of important characteristics of hardwood pulps that will enhance 
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their efficiency as internal curing agents. Several techniques have been addressed for the 
characterization of hardwood pulp in cementitious materials. Based on the study, some 
recommendations are made as follows. 
• For internal curing applications, if wood pulps have similar lumen size range, 
it is recommended to use wood pulp that has a thicker cell wall. The thick cell 
wall pulp can retain more water in its structure, as free water in the cell wall 
pores and bound water in the cell wall to further mitigate self-desiccation 
beyond 25 h of hydration. Otherwise, pulp that has large and open (un-
collapsed) lumen structure should be used because it can hold more free water 
in its lumen, which is important for internal curing at earlier times. 
• Among eucalyptus pulps tested, soda pulps are recommended for internal 
curing applications and early-age cracking mitigation. In the region in which 
soda pulps are not available, kraft pulps can also be used as internal curing 
agents. However, kraft pulps must be added at dosages higher than soda pulps 
to achieve the same internal curing performance.  
• The use of proper methods to determine the absorption capacity of wood pulps 
is crucial. Since wood pulps interact with cement, even when they are 
chemically treated, the measurement of absorption capacity when made in 
water is not accurate for application in cement-based materials. Since the pH 
of the pore solution and the concentration of ions significantly affect the 
sorption and precipitation of the pore solution ions in fiber cell wall, the 
absorption capacity and the efficiency of wood pulp change according to 
cement composition. Moreover, the use of SCMs and admixtures such as 
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superplasticizer also affect the chemistry of pore solution ions. Thus, 
absorption capacity of wood pulps should be determined when wood pulps are 
dispersed in a cementitious matrix or at least in synthetic pore solution, both 
of which closely relate to the actual binder. The method suggested by 
Johansen [97] is recommended for the determination of absorption capacity of 
wood pulp for internal curing. 
• Although drying shrinkage is often used as a primary indicator of shrinkage 
cracking for an industrial practice, this study found that drying shrinkage 
alone is not a sufficient indicator for the evaluation of shrinkage cracking in 
wood pulp-reinforced cementitious materials. However, the restrained 
shrinkage test is a better test for wood pulp-cementitious paste, mortar, and 
concrete. More thorough evaluation can be done by the combination of 
shrinkage tests – free drying and autogenous shrinkage tests and restrained 
shrinkage test – with mechanical tests such as splitting tensile strength, 
compressive strength, and elastic modulus to better understand the relative 
contributions of reinforcement and internal curing to shrinkage crack 
mitigation. 
 
8.3 Future Research 
 This study demonstrates the use of hardwood eucalyptus pulp in cementitious 
materials including mortar and concrete. The present research has also demonstrated the 
use of new techniques to characterize the properties of wood pulps, which affect their 
performance in cementitious materials. However, much future research will be necessary 
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to generalize these techniques. Some key topics that require additional research are listed 
below. 
• Although for eucalyptus pulps, their internal curing performance relates more 
strongly to their physical morphology. Since it is not clear if the results 
obtained from this hardwood species would be applicable to softwood species.  
To apply this assumption to other pulps, further studies on lignin-rich fibers 
are needed to verify this finding. More research on other types of pulp (i.e., 
softwood pulp) is necessary for generalization of this finding. 
• The use of low-field NMR and MRI for in situ monitoring of the migration of 
the internal curing process in hardwood eucalyptus-cement paste was 
introduced. Further studies on other internal curing agents such as softwood 
pulp and SAP should be performed to demonstrate the value of these 
techniques across a wider range of internal curing agents. In addition, since 
low-field NMR is highly mobile and inexpensive, it will suit for on-site 
monitoring and quality assurance of self-curing concrete for industrial 
practice.  
• Time-dependent deformations result from drying and creep phenomena. 
Therefore, for more thorough understanding of the behaviors of internally 
cured fiber-reinforced cementitious composites, tensile and flexural creep are 
other properties that should be evaluated. 
• Although cellulose-based fiber appeared to contribute to the increase in the 
coefficient of apparent (total) chloride diffusion, it should be noted that these 
specimens did not contain visible cracks, which also generate alternate flow 
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paths that allow more water and deteriorating substances into concrete and its 
reinforcements. Since the use of cellulose pulps as internal curing agents 
reduces early-age cracking potential and hence reduces cracks, therefore, if 
such fibers mitigate cracking in a more restrained condition, the service life of 
a concrete structure may be lengthened. Moreover, one study has reported that 
cellulose fibers can bind the chlorides and reduce the amount of free 
chlorides, which ultimately decreases the coefficient of effective (free) 
chloride diffusion of concrete [194]. Together with the findings in this study, 
further studies on the role of pulps on corrosion of rebar are needed. Such 
studies would account for the internal curing performance of pulps, the effects 
of field curing conditions, and the effects of cracking on the initiation of 
corrosion of steel reinforcement in concrete.  
• To ensure the use of eucalyptus pulp in cementitious materials, future research 
needs to be conducted to identify the role of eucalyptus pulp on durability of 
composite materials such as its performance on wet/dry cycling, freeze thaw 
resistance, and salt scaling.  
• Based on findings that pulp with ability to hold a large amount of water in its 
structure after 25 h of hydration has a good performance on mitigation of 
autogenous shrinkage, future studies on the improvement of the water 
retention of pulp by perhaps cross-linking cellulose with polymer is another 
area of interest.  
• The analyses of the potential environmental impact of eucalyptus-
cementitious composites through a life cycle analysis (LCA) should be 
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conducted. Such analysis would account for all factors including total 
embodied energy and emissions of CO2 to comprehensively quantify the 
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